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I.  INTRODUCTION 


A.  Background 

The  development  of  numerous  high- power  r.dio  frequency  (RF)  emitter  a 
In  the  ultra-high-frequency  (UHF)  range  has  proceeded  simultaneously  with 
the  continuing  emergence  of  incraaaingly  RF  susceptible  solid-state  elec¬ 
tronic  components  (particularly  the  most  recently  developed  complementary 
metal-oxide-semiconductor  (CMOS)  technology) .  These  concurrent  technological 
developments  have  contributed  greatly  to  increase  the  number  of  radio 
frequency  interference  (RF1)  and  electromagnetic  compatibility  (EMC)  problems 
facing  the  communications  engineers.  It  la  assumed  that  these  problems  will 
loom  even  larger  in  the  mid  1980's. 

These  RFI  and  EMC  problems  manifest  themselves  in  two  major  categories 
when  addressed  in  the  particular  domain  of  design,  development,  and  testing  of 
guided  missile  systems.  The  two  categories  are  often  referred  to  in  the 
defense  community  as  hazards  (i.e.,  safety)  and  operational  (i.e.,  functional 
dependability).  In  the  first,  the  obvious  area  of  major  consideration  is 
personnel  safety.  The  protection  and  prevention  of  damage  to  system  hardware 
and  mission  success  potential  are  important,  but  secondary  to  personnel 
considerations.  The  safety  problem  area  is  dominated  by  careful  attention  to 
the  electroexplosive  devices  (SED's)  which  are  used  to  trigger  missile 
launches,  automatic  eject  mechanisms,  and  weapon  detonations.  The  EED'e  are 
susceptible  to  RF  energy  and  can  be  activated  inadvertently  by  stray  electro¬ 
magnetic  energy.  Obviously,  premature  activation  of  these  triggering  systems 
may  be  extremely  dangerous  and  is  always  undesirable.  In  the  second  category, 
system  performance  is  the  major  consideration.  Many  external  and  interna] 
factors  influence  system  operational  functions.  One  of  these  is  inadvertent 
exposure  to  significant  levels  of  electromagnetic  energy  at  system  critical 
frequencies  (i.e.,  RFI).  This  RFI  may  cause  system  upset  or  malfunction. 

The  RF  energy  levels  required  to  produce  undesirable  effects  in  functional 
dependability  are  usually  significantly  lower  (often  several  ordere-of- 
magnltude)  than  those  encountered  in  haserds  (safety)  considerations. 

Although  the  problems  addressed  are  most  relevant  to  guided  missile 
systems,  the  ramifications  are  pertinent  to  any  military  and/or  civilian 
communication  and  control  system  which  exposes  susceptible  electronic  circuits 
to  potentially  dangerous  levels  of  electromagnetic  energy  in  the  UHF  spectral 
regime. 


Most  of  the  undesirable  effects  mentioned  above  are  directly  related 
to  the  intensity  of  the  spurious  electromagnetic  energy.  As  nature  often 
seems  to  dictate,  the  intensity  varies  inversely  with  the  distance  (or  some 
exponential  power  thereof)  from  the  source.  Consequently,  the  most  serious 
environments  for  RFI  and  EMC  effects  are  often  in  the  near  son*  of  radiating 
antenna  structures.  A  survey  of  some  pertinent  documentation  5»  * 

reveals  continuing  interest  in  the  following  areas: 

1.  Electromagnetic  interference  in  electronic  systems  in  the  near 
field  of  high-gain  microwave  antennas. 


2.  Near  field  measurements  to  meet  safety  requirements. 
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3.  Determination  of  far  field  patterns  from  near  field  measurements. 

4.  Mutual  gain  of  multiple  antennas  in  the  near  field. 

5.  Radar-cross-sections  (RCS's)  in  the  near  tone. 

An  expanded  discussion  on  some  of  these  areaa  and  referenced  documents  has 
already  been  published  by  this  author  and  ia  included  as  Appendix  A. 

The  area  designated  as  number  one  is  of  particular  interest  to  the 
US  Azsy  in  testing  the  complex  missile  systems  under  development  at  the  US 
Army  Missile  Command  (MI COM) . 


As  a  necessary  requirement  in  testing  the  complex  US  Army  missile 
systems  for  potential  RFI  and  EMC  problems,  each  missile  system  must  be 
exposed  to  electromagnetic  energy  levels  with  prescribed  amplitude,  frequency, 
polarisation,  and  spatial  field  distribution  characteristics.  These  are 
identical  to  or  suitably  simulate  potential  environments  which  the  missile 
system  might  encounter  in  actual  transportation  and/or  deployment.  This 
requirement  demands  RF  test  capability  which  includes  high-power  sources 
(transmitters  of  several  kilowatts)  over  a  wide  range  of  frequencies 
(lOOkHs-lOGHx)  coupled  appropriately  with  broadband  antenna  systems  (log- 
periodic,  ridged  horns,  etc.)  with  selectable  polarisations.  As  previously 
mentioned,  the  response  of  a  system  to  the  electromagnetic  field  Imposed  on 
it  from  an  actual  source  antenna  is  of  keen  Interest  in  both  hasards  and 
operational  test  requirements.  In  order  to  subject  the  test  item  or  system 
to  the  proper  field  environment,  two  fundamental  approaches  are  used.  The 
first  is  quite  straightforward:  Equipment  to  be  tested  is  placed  at  an 
appropriate  orientation  and  distance  from  the  actual  source  antenna,  and  the 
spurious  effects  induced  in  the  test  system  by  the  source  are  measured, 
recorded,  and  probable  coupling  mechanisms  are  identify  '  This  approach  is 
certainly  valid;  however,  it  is  often  very  expensive  onu  sometimes  completely 
impossible  from  a  logistical  point  of  view.  The  second  approach  to  the 
testing  problem  involves  the  concepts  of  simulation  and/or  extrapolation. 

The  system  to  be  tested  ia  placed  in  one  or  more  potentially  "compromising" 
orientations  with  respect  to  a  generic  type  broadband  antenna  and  systemati¬ 
cally  illuminated  with  a  broad  range  of  frequencies,  modulations,  and 
polarisations.  Systum  response  is  again  measured,  recorded,  and  analysed 
with  particular  emphasis  on  the  nature  of  the  response  as  a  function  of  the 
electromagnetic  field  amplitude,  frequency,  polarisation,  and  system 
orientation.  From  thesa  general  variations,  extrapolations  are  carried  out 
which  hopefully  predict  how  the  system  under  test  should  react  to  the 
anticipated  actual  source  of  apurious  electromagnetic  radiation.  Although 
this  approach  entertains  many  assumptions  and  a  priori  decisions  about  the 
t£3t  system  behavior,  it  is  effective  in  simulating  a  wide  variety  of 
environments.  This  approach  allows  some  systems  to  be  tested  for  which  it 
would  be  virtually  impossible  to  accomplish  by  using  the  first  approach 
discussed.  One  of  the  major  problem  areas  associated  with  the  simulation/ 
extrapolation  approach  is  a  requirement  of  a  high- intensity  field  level  at 
all  frequencies  and  polarisations.  One  of  the  newer  techniques  for 
establishing  tn  required  high- intensity  field  is  the  major  subject  of  this 
report. 
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B.  Statement  of  the  Problem 


T 


This  research  report  describee  an  effort  to  characterise  quantita¬ 
tively  the  near  sone  region  of  a  high-gain  UHF  pyramidal  horn  antenna  and 
subsequently  to  use  this  characterisation  to  outline  specific  ways  in  which 
this  information  can  be  used  to  significantly  enhance  current  technqlogy  in 
EMC/RFI  testing. 

C.  Existing  Solution  to  the  Problem 

There  are  two  existing  solutions  to  Che  problem  of  performing  high- 
level  far  field  testing.  The  first  is  to  test  at  lower  levels  and  extrapolate 
to  the  higher  levels  via  analyaia  in  conjunction  with  direct  circuit  injec¬ 
tion.  The  analysis  alone  requires  complex  computations  and  still  cannot 
account  for  nonlinear  effects  such  as  dielectric  breakdown.  The  use  of 
direct  Injection  can  solve  the  breakdown  problem,  however,  the  proceea  is 
difficult  to  accomplish  due  to  compact  physical  constraints  and  complex 
Impedance  matching  problems,  i.e»,  the  coupling  of  the  test  signal  can 
adversely  affect  the  circuit  under  test. 

The  second  way  to  accomplish  the  test  is  to  have  the  necesaary  RF 
transmitting  power  available  to  produce  the  high  field  levels  required  at  the 
recommended  far  field  teat  distance.  The  normally  acceptod  far-flald  taat 
distance  from  the  source  antenna  is  given  by  2D^/X  where  D  la  the  largeet 
dimension  of  the  source  antenna  apertura  and  X  is  the  wavelength  of  the 
transmitted  signal.  This  generalised  formula  has  been  cited  in  the  Navy 
report,  "Near  Field  and  Fresnel  Zone  Directive  Antenna  Coupling  Program 
Final  Quarterly  Report,"  report  I6174D,  February  1973.  This  criterion 
represents  the  distance  at  which  there  ia  a  reasonably  small  phasa  shift 
across  the  test  volume.  Xn  addition,  the  theoretical  wave  impedance  is 
approximately  377  ohms.  Satisfying  these  conditions  causes  the  near  sone 
region  to  extend  many  meters  from  the  transmitting  antenna.  The  problems 
with  the  second  approach  are  the  technical  end  financial  constraints. 

Broadband  amplifiers  sell  for  around  $5 OK  each,  and  the  bend  coverage  la 
approximately  200  MHs  each  from  200  MHs  to  1000  MHs.  Even  these  transmitters 
cannot  simulate  multikilowatt  radar  unite.  Consequently,  the  test  engineer 
must  oftsn  forget  about  continuous  frequency  coverage  and  depend  on  multi- 
kilowatt  narrow  bend  transmitters.  The  cost  of  these  units  may  run  several 
$100K.  This  approach  requires  millions  of  doilars  to  build  s  high-level 
facility.  Although  technically  feasible,  this  is  a  very  expensive  way  to 
>  accomplish  the  required  objectives. 

D.  Proposed  Solution 

The  approach  this  work  explores  la  the  utilisation  of  the  near  sons 
of  large,  high-gain  transmitting  antennas.  The  use  of  the  near  sone  requires 
that  the  test  volume  be  completely  characterised  electromagnetlcaliy.  The 
methodology  of  this  Investigation  utilises  accurate  spatial  resolution 
amplitude  messuremuntc  of  the  three  orthogonal  components  of  both  the  E  and  H 
field  intensities.  The  development  of  small  nonperturbing  E  and  B  field 
probes  concurrent  with  high-speed  automated  date  systems  has  made  it  possible 
to  make  and  record  the  large  number  of  data  points  necessary  to  electromag¬ 
net  ically  characterise  the  desired  test  volume.  These  c.-'«y^rimental 
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ttcaiurumti  are  compared  to  a  standard  waveguide  type  apartura  aodal .  Thasa 
results  sra  utilised  to  develop  the  wave  Impedance  value  as  a  function  of 
distance  from  the  aperture.  The  B  and  H  field  characteristics  ars  defined 
in  the  near  tone,  and  a  corrected  antenna  gain  expression  is  formulated  to 
allow  calculation  of  field  strengths  for  distances  as  dose  as  D */AX  from  the 
radiating  aperture.  At  the  DZ/AX  dlatsnce  in  front  of  the  UHF  horn  under 
consideration,  a  1-kW  transmitter  producea  the  same  electromagnetic  field 
strength  as  a  20-kW  transmitter  at  the  recommended  2D*/X  distance  from  the 
UHF  horn  aperture. 

II.  TECHNICAL  APPROACH 

A.  Simury  of  Technical  Approach 

The  technical  approach  used  for  this  report  is  to  develop  suitable 
non- interfering,  polarisation  selective,  B  and  H  sensors  to  accurately 
measure  the  electrosmgnetic  fields.  The  next  step  is  to  construct  a  means 
to  spatially  position  the  sensors.  An  additional  requirement  la  to  develop 
a  data  acquisition  system  to  read,  record,  and  spatially  relate  each  data 
point.  The  final  step  in  this  sequence  is  to  process  the  data  and  compare 
the  measured  data  to  the  theoretical  models. 

B.  Development  of  the  Measurement  Techniques 

Probe  Description  -  The  probes  utilised  for  the  characterisation  of 
the  three  orthogonal  components  of  both  the  E  and  H  fields  are  polarisation 
selective,  pseudo  transparent,  non- interfering  type  sensors.  Both  the  E  and 
H  sensors  use  diode  detection  with  carbon  filled  lines  to  connect  the  sensor 
to  a  100  megohm  input  impedance  voltmeter.  The  H  field  sensor  is  a  double 
gapped  loop  wired  electrically  to  cancel  any  component  of  the  E  field  which 
drives  the  output  gaps.  The  E  field  probe  is  an  electrically  short  dipole 
which  is  also  diode-detected  and  interfaced  to  the  same  high  impedance 
voltmeter  via  carbon  filled  lines.  The  calibration  of  the  E  and  H  sensors 
is  accomplished  by  establishing  known  E  and  H  fields  in  a  Crawford  cell.  The 
Crawford  cell  is  an  expanded  coaxial  line  which  can  be  used  to  establish 
accurate  fields.  The  sensors  are  placed  in  known  fields  and  the  detected 
outputs  measured  and  related  to  the  standard  field  levels.  The  calibration 
curves  developed  are  used  to  relate  the  raw  data  to  actual  field  strengths. 
Appendix  B  contains  complete  explanations  of  the  design  and  calibration  of 
the  E  and  H  field  probes. 

Three-Dimensional  Scan;.-;-  -  The  three-dimensional  scanner  is  con¬ 
structed  using  6  inch  polyvyn1 chloride  (PVC)  pipe  for  the  base  section  as 
shown  in  Figure  1.  The  trolley  which  moves  the  probes  In  the  Z  direction 
(toward  and  away  from  the  antenna  aperture)  and  the  vertical  support  pole 
are  also  PVC.  The  position  is  indicated  to  the  computer  via  a  microswitch 
and  a  9  volt  battery  in  series  with  the  csrbon  filled  lines.  The  trip 
positions  are  lccated  at  precise  10  cm  intervals  along  the  Z  axis  from  0.1 
to  A. 8  meters  awsy  from  the  aperture.  The  X  position  is  also  transmitted  to 
the  HP  9825  controller  by  the  X  position  (horlsontal  position)  microswitch. 
The  trips  for  the  X  position  are  also  10  cm  apart  for  -1. 5m<X<1.5m.  Six  E  or 
six  H  probes  are  mounted  A0  cm  apart  on  the  vertical  support  with  provision 
for  lowering  the  support  in  10  cm  increments  three  times.  This  gives 
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complete  coverage  for  1.2m  above  the  antenna  center  line  to  1.2m 
(-1.2ra<Y<1.2m)  below  the  antenna  center  line.  More  detailed  information 
on  the  positioner  is  included  in  Appendix  C  and  in  the  discussion  of  the 
data  acquisition  system. 

Data  Acquisition  System  -  The  data  acquisition  system  consists  of 
a  standard  gain  horn  (gain  18  dB  nominal,  frequency,  300  to  550  MHz)  mounted 
in  the  vertical  F  field  polarization  orientation  with  the  center  line  A. 57m 
above  the  ground.  The  computer  controller  is  an  HP  9825.  The  excitation 
for  the  horn  is  a  Watkins-Johnson  (WJ)  synthesizer  in  series  with  a  voltage 
controlled  attenuator.  This  allows  the  computer  to  adjust  the  excitation 
level  to  the  solid-state  power  amplifier.  The  power  is  monitored  using  a 
directional  coupler  and  an  IEEE  488  bus  operated  HP  A36  power  meter.  In 
this  way  the  controller  is  able  to  monitor  and  set  the  power  level  before 
each  scan.  The  frequency  used  is  a  constant  400  MHz.  This  frequency  is 
compatible  with  the  horn  and  field  measurement  system.  The  4.8m  probe 
scanner,  along  wit"  the  HP  3495A  scanner,  HP  3447A  system  voltmeter,  HP  9825 
controller,  and  8-inch  floppy  disk  comprise  the  major  hardware  components 
utilized  in  tne  data  collection  system.  Figure  1  presents  the  block  diagram 
for  this  system.  The  probe  positioner  configuration  allows  for  acquiring 
data  precisely  every  10  cm  for  each  of  the  three  orthogonal  directions.  The 
data  measurement  matrix  results  in  37,200  locations  for  each  of  six  orthog¬ 
onal  components. 

The  total  data  system  is  controlled  by  the  HP  9825  controller.  The 
operator  has  only  to  turn  on  the  equipment,  set  the  frequency  of  the  exciter 
to  400  MHz,  and  position  the  mechanical  probe  positioner  to  the  starting 
position.  The  operator  then  executes  the  control  program  and  inputs  the  type 
probe  (E  or  H)  and  the  component  of  the  field  being  measured  (vertical, 
horizontal  or  radial) .  The  operator  inserts  the  proper  disk  and  starts  the 
data  acquisition  process.  The  control  system  automatically  adjusts  the  power 
to  20  watts  into  the  transmitting  system  and  starts  the  first  scan  which  is 
in  the  Z  axis  (along  the  antenna  radiation  axis) .  The  trip  points  xocated 
at  10  cm  intervals  along  the  Z  direction  synchronize  the  data  readings  of 
each  of  the  six  probes  mounted  on  the  vertical  support.  The  program  reads 
the  raw  data  and  stores  it  along  with  the  X  (horizontal) ,  Y  (vertical)  and  Z 
(radial)  position  information  after  applying  proper  calibration  factors. 

After  the  data  storage  is  completed,  the  positioner  moves  over  10  cm  in  the 
X  direction  and  makes  another  scan  in  the  Z  direction.  This  process  is 
continued  until  all  the  X  positions  are  measured.  The  vertical  probe  support 
is  then  vertically  shifted  by  10  cm  (Y  axis) ,  and  the  original  process  is 
repeated  for  a  total  of  four  times  to  complete  one  orthogonal  component  of 
the  E  or  H  field.  A  detailed  description  of  the  positioner  is  contained  in 
Appendix  C.  Each  of  the  orthogonal  components  are  stored  on  separate  8-inch 
floppy  disks.  One  complete  set  of  data  is  223,200  data  points  contained  on 
six  disks.  These  data  are  also  printed  as  they  are  taken  to  allow  for  real¬ 
time  observation  as  well  as  to  check  for  possible  disk  storage  problems. 

C.  Data  Collection 

i,  <w  Data  -  The  E  field  and  H  field  probes  have  DC  outputs  on  the 
order  of  uillivolts.  The  diode  detector  is  a  nonlinear  device;  therefore, 
the  polynomial  that  relates  the  field  amplitude  to  the  voltage  output  of  the 
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probe  is  complex  and  is  of  the  form  FL  ■  ClVo  +  C2V0  +  C3V0.  Where  F^  is 
the  field  level,  Vo  is  the  probe  output,  and  Ci,  C2,  and  C3  are  the  calibra¬ 
tion  coefficients  determined  by  putting  the  probe  in  known  electromagnetic 
fields  at  several  levels  and  using  a  third  order  polynomial  regression 
program.  This  polynomial  will  allow  the  computer  to  rapidly  compute  the 
correct  field  level  for  any  probe  output  voltage. 

Data  Processing  -  To  convert  the  data  to  meaningful  information, 
the  potential  reading  must  be  multiplied  by  the  appropriate  polynomial  and 
stored  in  data  arrays  on  the  disk.  Each  disk  contains  a  single  orthogonal 
component  of  the  E  field  or  H  field.  The  orthogonal  components  of  the  E  and 
H  field  can  then  be  printed  in  tables  or  plotted  in  two-dimensional  or  three- 
dimensional  graphs  to  be  analyzed  or  compared  to  theoretical  plots. 

D.  Comparison  of  Collected  Data  to  Theoretical  Models 


General  Discussion  of  Measured  Data  -  Observation  of  the  data  yields 
some  very  significant  information  to  the  microwave  test  engineer.  First,  if 
one  considers  the  impedance  curve  shown  in  Figure  2,  one  notices  that  the 
wave  impedance  does  not  vary  significantly  from  the  377  ohm  far  field  values, 
even  as  near  to  the  aperture  as  one  meter.  This  implies  that  only  the  E 
field  has  to  be  measured  to  characterize  the  power  density  at  test  points 
very  close  to  the  antenna  aperture.  The  measured  data  showing  the  wave 
impedance  is  very  well  behaved  as  close  as  D2/4A  from  the  aperture.  The 
centerline  data  plotted  in  Figure  3  shows  that  the  vertical  E  field  is  also 
well  behaved  as  near  as  D2/2A  and  is  reasonably  good  at  distances  greater  than 
d2/4A  from  the  aperture. 

Aperture  Distribution  Model  -  The  analytical  model  for  this  was 
TE1q  mode  amplitude  (cosine  in  X)  distribution  with  a  quadratic  phase  term. 

The  aperture  distribution  was  used  with  the  vector  Smythe-Kirchhof f ^ 
approximation  for  diffraction  to  solve  for  the  spatial  representation  of  the 
radiated  field.  This  relationship  is  given  in  equation  (1). 


E(x,y,z) 


(1) 


Figure  4  shows  the  horn  geometry  and  aperture  associated  coordinate  system. 
The  TEig  waveguide  E-Field  distribution,  is  given  by  equation  (2). 


£(x,y,0) 


T-l  ■"  ^ 

Eq  cos  —  exp 
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Substituting  the  expression  in  equation  (2)  into  equation  (1)  and  solving 
for  the  associated  E  field  and  H  field  components  we  have  equations  (3)  thru 
(9). 


Vertical  E-field  vs.  Z  from  the  Aperture 
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This  model  has  been  utilized  by  several  investigators  *  .  A  detailed 

derivation  of  the  commonly  accepted  analytical  model  is  presented  in  Appendix 
D,  and  numerical  evaluations  and  prc mentation  of  the  model  are  included  in 
Appendix  E. 


Figure  5  compares  the  measured  wave  impedance  as  a  function  of  Z 
with  that  obtained  theoretically  in  Appendix  E.  The  measured  data  do  not 
exhibit  nearly  as  sharp  a  rise  as  the  computed  curve,  although  it  does  show 
a  similar  shape  with  perturbations  around  the  377  ohm  line  as  the  distance 
in  the  Z  direction  exceeds  0.73  meters.  These  small  perturbations  from 
0.75  to  5  meters  may  be  the  result  of  standing  waves  which  seem  to  be  visible 
in  the  three-dimensional  plot  (Figure  6).  The  fact  that  the  impedance  of  the 
measured  data  does  not  peak  as  high  or  dip  as  low  as  the  modal  can  be 
attributed  to  four  main  factors:  (1)  Inaccuracies  in  the  model,  (2)  inac¬ 
curacies  in  the  horn  construction,  (3)  spatial  integration  of  the  E  field 
amplitudes  that  change  rapidly  with  Z  produced  by  finite  probe  size,  and 
(4)  standing  waves  causing  constructive  and  destructive  interference  in  the 
field  amplitudes. 


The  significance  of  Figure  5  is  two-fold.  The  first  and  main  point 
is  that  the  near  field  wave  impedance  is  essentially  the  same  as  far  field 
wave  impedance  to  distances  from  the  aperture  of  the  test  horn  antenna  as 
near  as  one  meter.  In  terms  of  the  wavelength  of  the  experimental  setup, 
D^/8A  equals  approximately  one  meter.  Secondly,  the  results  of  Figure  5 
imply  that  only  one  of  the  field  components  needs  to  be  measured  to  establish 
the  power  density  of  the  radiation  field.  This  fact  makes  it  feasible  to 
utilize  the  near  field  for  testing  purposes.  A  plot  of  the  analytical  model 
with  the  measured  data  as  a  function  of  the  distance  Z  (meters)  from  the 
aperture  is  presented  in  Figure  7.  It  is  very  obvious  that  the  measured  data 
do  not  increase  as  fast  as  the  model  and  do  not  oscillate  as  much  as  the 
model  inside  the  1  meter  or  D^/8X  distance  from  the  aperture.  This  makes 
the  field  in  the  very  near  zone  d2/8A  far  more  usable  than  was  predicted  by 
the  model. 


Multipole  Model  -  If  one  looks  closely  at  Figure  8  which  has  the 
1/r  relationship  plotted  along  with  the  measured  data,  it  is  obvious  that 
the  measured  data  do  not  increase  nearly  as  fast  as  the  1/r  curve  near  the 
aperture.  This  fact  also  contributes  to  the  usefulness  of  the  volume  near 
the  aperture  for  testing  of  small  systems,  i.e.,  the  rate  of  change  of  the 
E  field  is  not  appreciably  different  at  points  2-3  meters  from  the  aperture 
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THEORETICAL 


ANALYTICAL  MODEL 


DISTANCE  IN  METERS  FROM  APERTURE 
Conparlson  of  analytical  Model  with  Measured  data 


$TAf,CE  IN  METERS  FROM  APERTURE 

Vertical  E-field  Amplitude  (V/M)  v».  Z  (Meters) 


and  points  6-8  asters  froa  the  aperture.  The  advantage  of  testing  in  the 
near  gone  is  very  obvious;  if  one  moves  in  to  half  the  distance,  in  general, 
the  field  strength  is  effectively  doubled,  which  means  to  have  produced  the 
seat  field  strength  at  the  greater  distance  would  have  required  a  power 
increase  of  four  tiaes.  litis  simple  illustration  then  implies  that  for  a 
small  system,  the  test  engineer  can  utilise  the  near  gone,  D^/kX,  and 
effectively  achieve  the  saae  test  field  with  a  1  kW  transmitter  that  would 
require  c  16  kW  transmitter  at  the  classical  2D^/X  position.  It.  is  apparent 
that  the  1/r  model  is  not  accurate  at  radial  distances  closer  than  D*/X.  A 
useful  model  which  is  accurate  at  a  closer  distance  is  the  multipole  model. 
The  form  of  the  electric  fi-ld  for  the  multipole  model  la  given  as 


where 


E  ■  E  field  in  volts  per  meter  (V/m) 
pT  *  power  of  the  transmitter  (Watts) 
r  “  distance  from  the  aperture  in  meters 
M,  A2,  As  “  experimental  constants 

A  comparison  of  the  multipole  model  to  the  experimental  data  is  shown  in 
Figure  9.  This  model  can  be  used  as  near  as  D^/4X  with  an  accuracy  of 
approximately  +0.5  dB.  Details  of  the  derivation  of  this  model  are  presented 
in  Appendix  F. 

Engineering  Model  -  Since  the  main  objective  of  this  work  is  to 
>evelc-;  a  methodology  for  the  utilisation  of  the  near  zone  volume  for  EM 
testing,  one  of  the  main  considerations  is  to  develop  an  engineering  model 
which  would  predict  the  E  field  at  any  frequency  and  radial  distance  from  the 
antenna. 


The  E  field  in  the  near  zone  of  a  UHF  antenna  predicted  by  the 
engineering  model  is  given  by  equation  (2) 


•If 


C ( I  -  exp  (-Ar/aD2/!)) 


4*r 


]  H1 


/  2 


(2) 


where 

E  -  E-field  (in  V/m) 

r  *  distance  (in  meters)  from  the  aperture 
D  ■  largest  dimension  of  aperture  (in  meters) 
X  -  wavelength  (in  meters) 

P  -  transmitter  power  (in  Watts) 

G  ■  far  field  gain  (absolute,  not  decibels) 
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•  ••  •  MEASURED  DATA 


Multipole  predicted  E  end  aeasured  date  va. 


For  additional  datail  of  the  engineering  aodel  refer  to  Appendix  G.  The 
comparison  of  the  engineering  aodel  vith  the  aeaaured  data  la  ahoim  in 
Figure  10.  Thla  aodel  vill  predict  the  E  field  of  the  teat  horn  in  aa  near 
as  D*/4X  with  accuracy  of  approxinately  +1.5  dB. 

Three-Dimensional  Data  Plota  -  One  of  the  beat  vaya  to  show  the 
radial  uniformity  of  vertical  E  field  (E)  and  horiiontal  K  field  (H)  la  to 
observe  a  feu  3-D  plots.  The  3-D  plots  are  presented  with  the  aperture  of 
the  horn  on  the  observer's  left;  with  X,  the  horiaontal  dimension;  field 
amplitude,  the  vertical  dimension;  and  Z,  the  radial  dimension  from  the 
aperture  increasing  to  the  observer's  right. 

The  vertical  dimension  displays  either  the  amplitude  of  the  E  or 
H  field  at  a  selected  Y  position.  This  position  is  always  held  constant  at 
sero  which  is  center  line  for  the  horn  for  Figures  11  and  12  (see  Appendix 
H).  The  observation  of  these  figures  gives  one  a  visual  presentation  of  the 
E  field  shape  as  a  function  of  X  and  Z  on  the  center  line  of  the  horn  from 
the  horn  aperture  to  a  separation  distance  (Z)  of  4.8  meters.  The  inter¬ 
section  points  of  the  cross  hatched  lines  represent  the  measured  data  points. 
These  figures  are  given  to  show  shape  and  are  not  scaled.  Appendix  H 
contains  all  plotted  data.  Explanation  of  the  data  correlation  is  also 
contained  in  H.  Careful  observation  of  Figures  11  and  12  shows  the  possible 
effect  of  standing  waves  on  E  field  amplitude.  The  standing  waves  referred 
to  are  the  small  perturbations  in  amplitudes  along  the  Z  direction.  These 
waves  give  rise  to  some  shifting  of  the  wave  impedance  Z  from  the  far  field 
nominal  value  of  377  ohms. 

The  view  in  Figure  13  shows  how  the  cosine  distribution  at  the 
aperture  diminishes  as  the  radial  distance  increases.  This  figure  is 
presented  from  the  same  aspect  as  Figures  14,  15  and  16  which  allows  the 
direct  comparison  of  Figures  13  and  14.  This  comparison  gives  visual 
confirmation  that  the  ratio  of  E  to  H  is  consistent  across  the  X  dimension 
of  the  test  volume.  Figures  15  and  16  show  that  the  radial  H  and  vertical  H 
are  consistent  with  the  radial  E  and  horiaontal  E  shown  in  Figures  11  and  12, 
i.e.,  the  vertical  H  compares  with  the  horiaontal  E  near  aero,  and  the  radial 
amplitude  is  low  and  falls  off  rapidly  with  increasing  distance  from  the 
aperture. 

Ill.  CONCLUSIONS 

A.  Near  Field  Characteristics  of  the  UHF  Horn  Antenna 

Radial  Uniformity  of  the  Wave  Impedance  -  The  previously  discussed 
Figure  3  shows  the  radial  uniformity  of  the  wave  impedance  along  the  center 
line  of  the  antenna.  The  maximum  deviation  is  approximately  33  ohms.  This 
occurs  near  0.5  meters  and  is  less  than  9X  different  from  the  far  zone  value. 

The  Importance  of  this  uniformity  cannot  be  overstressed  due  to  the 
simplification  of  the  field  measurement  problem  and  tha  understanding  of  its 
interaction  with  various  electronic  circuits. 


Radial  Attenuation  of  the  Nonradiative  Components  -  An  informative 
way  to  view  the  rapid  fall  off  of  the  nonradiative  component  is  to  observe 
Figure  12  which  shows  the  3-D  comparison  of  the  radial  E  field,  E^,  with  the 
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Figure  11.  Ev  and  amplitudes  vs.  horizontal 
position  (X)  and  radial  position  (Z) 
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Figure  12.  Eyand  E  amplitude  vs.  horizontal 
position  (X),  radial  position  (Z) . 
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amplitude  vs.  horizontal  position  (X)  and  radial  position  (Z) 


amplitude  vs.  horizontal  position  (X)  and  radial  position  (Z) 


vertical  E  field,  Ey.  The  ^  ia  30  dB  below  Ey  by  the  two-meter  point.  The 
horizontal  E  field,  EH,  is  compared  to  Ey  in  Figure  11.  It  is  apparent  that 
the  Eh  is  approximately  zero.  Therefore,  these  nonradiatlve  components  cease 
to  be  significant  unless  the  field  observation  or  testing  is  to  be  carried 
out  extremely  close  to  the  source  aperture. 

B.  Impact  on  Practical  Electromagnetic  Testing  Techniques 

In  conclusion,  the  objective  of  this  work  is  to  characterize  the 
near  field  volume  of  a  high  gain  UHF  horn  for  use  in  electromagnetic  testing. 
This  task  has  been  accomplished  and  the  results  used  to  develop  a  simple 
engineering  model  to  predict  the  E  field  at  any  radial  distance  from  D^/Ax  to 
the  far  field  Interface,  at  2D2/X.  Given  a  small  test  object  such  as  a  VIPER 
missile,  one  could  run  an  electromagnetic  hazards  test  as  close  as  D^/4\  to 
the  aperture.  This  allows  a  1  kW  amplifier  to  produce  approximately  the  same 
field  strength  as  a  20  kW  amplifier  at  2D2/X,  the  classical  distance  for  an 
acceptable  field  test.  Consequently,  for  the  horn  used  in  this  work,  a  small 
test  Item  could  be  as  close  as  two  meters  to  the  aperture. 

The  previous  example  represents  the  extreme  practical  limits  for 
the  utilization  of  the  near  zone  test  volume.  As  the  test  specimens  increase 
in  size,  the  test  volume  moves  out  to  an  appropriate  position  to  produce  a 
more  uniform  illumination  of  the  test  object.  It  is  not  necessary  for  the 
microwave  test  engineer  to  arbitrarily  move  to  2D2/X  to  run  all  of  his  EMI 
tests.  This  work  demonstrates  that  both  the  E  and  H  fields  are  well 
behaved  in  the  near  zone  of  standard  gain  horns.  This  allows  high  level 
sweep  frequency  testing  which  is  not  possible  using  the  far  field  distance 
criteria  of  2D*/X. 

C.  Suggestions  for  Future  Research 

The  process  of  obtaining  and  analyzing  the  data  presented  in  this 
work  has  answered  some  of  the  basic  questions  facing  the  microwave  test 
engineer  who  wishes  to  utilize  the  near  zone  of  a  UHF  horn  antenna.  There 
are,  however,  other  questions  and  problem  areas  which  need  to  be  explored  in 
detail.  One  of  the  most  difficult  areas  cf  consideration  is  that  of  the 
phase  relationship  of  the  E  and  H  field  components.  To  explore  the  phase 
relationships  one  would  need  to  develop  non-perturbing  E  and  H  field  probes 
that  would  preserve  the  phase  relationships  of  the  E  and  H  field  components. 

Another  area  that  warrants  consideration  is  the  validation  of  near 
field  test  result,  i.e.,  the  direct  comparison  of  specific  electromagnetic 
radiation  (EMR)  results  obtained  in  near  zones  with  the  results  observed  in 
far  zone  tests,  thus  confirming  the  validity  of  testing  in  the  near  zone  of 
UHF  horns.  The  validation  should  address  the  test  object /antenna  interactions, 
i.e.,  the  effects  of  geometry,  distance  from  aperture,  and  test  object  size 
relative  to  the  test  volume.  In  addition,  near  field  testing  techniques 
need  to  be  extended  to  other  antenna  types  such  as  the  log  periodic  and 
ridged  horns. 

Development  of  probe  calibration  techniques  to  improve  the  accuracy 
of  the  E  and  H  field  measurements  would  greatly  benefit  EMR  testing.  It  is 
also  highly  desirable  to  develop  automated  probe  calibration  techniques  since 
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this  would  result  in  a  considerable  time  savings  as  well  as  potentially 
improve  the  accuracy  of  probe  calibrations. 

Additional  efforts  are  needed  to  validate  new  and  innovative  phase 
controlled  multichamber  testing  as  described  by  Riley,  Patent  Disclosure 
No.  4,255,750.  The  techniques  suggested  by  Riley  would  greatly  simplify 
testing  systems  with  long  interconnecting  cables.  This  disclosure  describes, 
in  detail,  the  technique  that  needs  to  be  developed  and  verified. 
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APPENDIX  A 


A  SURVEY  OF  ADVANCES  IN 
MICROWAVE  NEAR-FIELD  MEASUREMENT 


Reprint  of  MICOM  Technical  Report  RT-80-9,  June  1980,  George  R.  Edlin. 
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I .  INTRODUCTION 


The  development  of  many  high  power  emitters  in  th*  microwave  frequency 
range  has  led  to  many  problems  which  cannot  be  solved  using  classical  far 
field  techniques.  The  problems  of  particular  interest  may  be  grouped  into 
the  following  areas: 

1.  Electromagnetic  interference  in  electronic  systems  in  the  near  field 
of  high  gain  microwave  antennas. 

2.  Near  field  measurements  for  use  in  determining  far  field  patterns. 

3.  Mutual  gain  characteristics  of  multiple  antennas  in  the  near  field. 

4.  Near  field  measurements  for  occupational  safety. 

5.  Determination  of  Radar  Cross  Sections  (RCS)  in  the  near  zone. 

Interest  in  electromagnetic  interferences  in  the  Fresnel  zone  has 
increased  in  the  past  decade  due  to  development  of  large  phased  array  radars 
and  high  gain  satellite  antennas.  Since  these  antennas  are  very  large  with 
respect  to  the  wavelengths  at  which  they  are  operated,  the  far  field  can 
extend  a  great  distance  from  the  antenna.  The  normally  accepted  distance  is 
given  by  2D2/X,  where  D  is  the  largest  dimension  of  the  antenna,  and  X  is 
the  wavelength  of  the  transmitted  signal. 

It  is  readily  obvious  that  for  antenna  sizes  in  meters  and  wavelengths 
in  centimeters,  the  near  field  zone  extends  many  meters  from  the  transmitting 
antenna.  This  causes  a  large  number  of  electronic  systems  to  be  exposed  to 
high  level  near  field  electromagnetic  radiation.  Many  times  this  high  level 
radiation  causes  circuit  malfunction  in  some  solid  state  systems,  either  by 
induction  of  extraneous  signals  into  the  system  or  by  burnout  of  critical 
components.  This  situation  has  created  a  need  for  high  level  electromagnetic 
testing  in  both  near  and  far  fields.  Since  high  levels  are  much  easier  to 
obtain  in  the  Fresnel  zone,  it  is  desirable  to  relate  the  testing  accom¬ 
plished  in  the  Fresnel  zone  to  the  appropriate  far  zone.  Two  major 
objectives  cculd  be  met  with  this  technique.  First,  only  one  near  field  test 
would  need  to  be  conducted.  Secondly,  by  being  near  the  transmitting  antenna, 
the  power  requirements  for  producing  high  level  fields  would  be  reduced 
significantly.  This  would  result  in  considerable  cost  savings  on  the 
required  broad-band  transmitters. 

The  need  for  determining  far  field  patterns  from  near  field  measurements 
is  again  due  to  the  development  of  large  higher  gain  microwave  antennas.  The 
testing  of  these  antennas  requires  very  long,  unobstructed  antenna  ranges  to 
obtain  accurate  patterns  and  gains.  Costs  of  acquiring  and  developing  such 
ranges  are  prohibitive,  therefore  making  development  of  near  field  pattern 
and  gain  techniques  more  desirable. 

The  use  of  multiple  antennas  located  near  each  other  has  created  an 
interest  in  mutual  gain  characteristics  of  microwave  antennas.  These 
situations  are  major  problems  for  large  naval  ships.  Army  missile  systems, 
and  Air  Force  systems. 
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Occupational  health  considerations  have  also  stimulated  a  considerable 
amount  of  research  in  the  Fresnel  zone.  This  work  is  necessary  to  determine 
how  far  the  hazardous  levels  of  electromagnetic  radiation  extend  from  the 
transmitting  antennas. 

II.  kEVIEW  OF  PREVIOUSLY  PUBLISHED  MATERIAL 

Following  is  a  review  of  material  published  in  journals,  reports, 
periodicals,  and  books  in  the  past  decade. 

A.  Mutual  Gain  Statistics  for  Microwave  Antennas 


1 .  Investigation  of  Mutual  Gain  Statistics  for  Some  Radars  in  the 
Fresnel  Zone^ 


The  investigation  of  mutual  gain  of  microwave  antennas  in  the 
Fresnel  zone  is  of  great  importance  in  any  situation  where  multiple 
antennas  are  required.  The  work  by  researchers  at  Georgia  Institute  of 
Technology  presents  measurement  results  and  analysis  of  the  Fresnel  zone 
statistical  mutual  gain  characteristics  of  four  C-  and  X-band  radar  antennas. 
The  tests  were  conducted  at  ranges  of  50  feet  and  9  feet.  The  9-foot 
distance  was  just  short  of  touching  due  to  antenna  sizes. 

Studies  at  Georgia  Tech  have  shown  that  the  minor  lobe  statisti¬ 
cal  gain  characteristics  for  the  horizontal  plane  patterns  are  described 
approximately  by  the  Gaussian  cumulative  gain  distribution  curve  for  ranges 
well  into  the  Fresnel  zone.  Some  problems  occur  at  very  short  Fresnel  zone 
distances  due  to  the  broadening  of  the  main  lobe  of  the  antenna,  causing  the 
cumulative  gain  distribution  curves  to  deviate  from  the  Gaussian  type  curves. 

Previous  mutual  gain  experiments  have  shown  that  if  the  statis¬ 
tical  gain  distributions  of  two  antennas  are  approximately  Gaussian,  this 
statistical  mutual  gain  distribution  of  the  two  antennas  is  approximately 
Gaussian.  For  these  tests  the  shortest  separation  was  50  feet  and  no  site- 
effect  objects  were  included.  Due  to  the  questions  concerning  coupling  at 
very  short  Fresnel  distances,  two  tests  were  conducted  at  50  feet  and  six  at 
9  feet.  Only  C-band  tests  were  conducted  at  50  feet;  both  C-  and  X-band 
tests  were  conducted  at  9  feet. 

From  graphical  representation  reproduced  from  this  report  (Figures 
1  and  2),  it  can  be  noted  that  at  a  range  of  50  feet,  the  measured  points  and 
predicted  points  agree  very  well.  This  indicates  that  if  the  statistics  of 
the  individual  antennas  are  known  accurately,  the  mutual  coupling  can  be 
predicted  very  accurately. 

The  curves  at  the  9-foot  range  do  not  match  as  well  as  those  at 
the  50-foot  range.  The  disparity  occurs  at  the  top  of  the  curves.  This  is 
the  result  of  the  main  beams  broadening  near  the  antennas  and  thus  deviating 
from  Gaussian  distributions. 


Figure  2.  Measured  and  predicted  cumulative  distributions  of  the  mutual  gain 
of  the  GT/AR-4C  and  GT/AR-6C  antennas  for  the  clear  site  test  at  a 
Fresnel  zone  range  of  9  feet.  (Extracted  from  Reference  1.) 


Although  the  Gaussian  predictions  at  very  short  Fresnel  rone 
ranges  do  deviate  from  the  measured  data  points,  in  many  cases  the 
predictions  are  sufficiently  accurate  to  satisfy  the  acquirements.  If  the 
Gaussian  predictions  are  not  accurate  enough,  then  the  numerical  convolution 
of  the  cumulative  gain  distribution  can  be  performed  on  a  computer  which 
gives  very  good  results  even  at  very  close  ranges. 

2.  Near  Field  and  Fresnel  Zone  Directive  Antenna  Coupling^ 

The  electronic  systems  on  naval  ships  are  essential  to  modern 
warfare.  Due  to  this  fact  there  is  a  continued  demand  for  more  electronic 
systems,  a  large  number  of  which  have  antennas  associated  with  them.  This 
creates  a  high  potential  for  electromagnetic  interference  between  systems, 
due  to  coupling  between  the  various  system  antennas.  This  type  coupling  is 
particularly  high  between  antennas  in  the  same  bands. 

Some  of  the  basic  dimensions  that  must  be  analyzed  are  frequency, 
power,  time,  and  space.  The  basic  frequencies  —  harmonics,  spurioue,  and 
intermodulation  —  can  all  cause  considerable  interference.  The  spatial 
dimension,  i.e.,  relative  separation  and  orientation,  as  well  as  scattering, 
has  a  considerable  effect  on  the  amount  of  interference.  The  absolute  power 
of  the  radiating  system  is  also  of  paramount  importance. 

The  quantity  which  needs  to  be  estimated  is  the  coupling  factor, 
which  is  a  loss  factor  normally  given  in  dB,  and  is  determined  from  a  function 
of  several  known  parameters.  The  coupling  factor  (CF)  is  given  by  the 
following  relationship: 

CF  (dB)  *  10  log  ’ 
v 


where  Pt  is  the  transmitting  power,  and  Pr  is  the  received  power. 

The  coupling  factor  can  easily  be  mis int^r preted  since  the 
effect  of  increased  or  decreased  "coupling"  values  is  the  opposite  of 
"coupling  factor."  An  increase  in  coupling  value  corresponds  to  a  decrease 
in  coupling  factor  and,  conversely,  an  increase  in  coupling  factor 
corresponds  to  a  decrease  in  coupling  between  the  antennas. 

When  conditions  are  ideal,  one  can  use  the  coupling  factor 
equation  to  compute  the  coupling  factor,*  however,  in  the  practical  situation 
the  necessary  conditions  of  far  field,  free  space,  and  inband  frequencies  of 
operation  seldom  exist.  All  of  these  complications  give  rise  to  the 
statistical  nature  of  the  coupling  factor  and  make  it  generally  impossible 
to  accurately  obtain  the  coupling  factor  using  a  deterministic  mathematical 
treatment.  This  has  led  to  the  use  of  continuous  sampling  techniques  for 
determining  the  mean  coupling  factor  for  a  given  pair  of  antennas.  A 
spectrum  analyzer  operating  with  the  time  base  synchronized  to  the  rotation 
of  one  radar  is  used.  This  displays  the  coupling  level  on  a  logarithmic 
scale  for  an  azimuth  setting  and  fixed  test  frequency  of  the  second  antenna. 
This  display  is  photographed  and  mean  level  visually  determined  by  placing 
a  straight  edge  through  the  centers  of  the  random  variations.  This  gives  a 
reasonably  accurate  coupling  factor  within  ±1  dB.  The  test  frequency  or 
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the  orientation  of  the  fixed  antenna  is  then  changed  to  obtain  other  values. 
The  average  of  the  mean  values  then  represents  a  mean  coupling  factor  of  a 
particular  situation  class  for  the  specific  antenna  pair.  In  this  manner 
a  data  base  for  mean  coupling  factor  of  antenna  types  and  situations  is 
generated. 

B .  Near  Zone  Radar  Cross  Section  (RCS) ^ 

The  objective  of  this  research  was  to  define  a  generalised  tech¬ 
nique  for  ascertaining  the  near  zone  RCS  of  missiles.  There  are  two  basic 
problems  which  complicate  near  zone  RCS  determinations:  (1)  the  target  can 
be  illuminated  by  both  planar  and  nonplanar  fields,  and  (2)  the  reflected 
fields  can  be  nonuniform  and  nonplanar.  The  near  zone  RCS  is  a  function  of 
the  following  parameters:  frequency,  polarization,  range,  target  size  and 
aspect,  and  the  radiation  patterns  of  the  receiver  and  transmitting  antennas. 
A  generalized  formulation  of  the  near  zone  is  developed  which  shows  that  the 
near  zone  RCS  is  a  function  of  the  radiation  patterns  of  the  transmitting 
and  receiving  antennas,  target  geometry,  and  electrical  properties  which 
affect  the  currents  induced  in  it.  Sensitivity  to  the  above  parameters  has 
been  studied  and  indicates  that  each  is  important  in  varying  degrees  depend¬ 
ing  on  the  existing  conditions. 

Calculations  of  scattering  properties  for  simple  geometric  shapes 
have  been  accomplished  according  to  the  Geometric  Theory  of  Diffraction 
which  give  good  agreement  with  near  zone  field  measurements.  Four  techniques 
for  determining  characteristics  of  near  zone  RCS  are  presented:  a  direct 
measurement  technique,  a  computational  method,  a  "Subarea  Matrix  Method," 
and  a  "Modal  Expansion  Method."  The  first  two  can  provide  good  cross  section 
data  under  limited  conditions;  however,  the  third  and  fourth,  in  principle, 
have  the  capability  of  providing  good  data  under  generalized  conditions. 

Future  work  in  the  near  zone  RCS  area  will  be  concentrated  on  the 
Subarea  Matrix  Method  or  the  Modal  Expansion  Method.  The  reason  for  this 
decision  is  that  the  direct  measurement  method  is  only  good  for  specific 
encounters  and  the  theoretical  techniques  are  limited  to  simple  geometric 
shapes. 


Since  neither  of  the  recommended  generalized  techniques  has  been 
developed,  it  is  not  possible  to  guarantee  that  either  will  be  totally 
successful.  However,  it  is  believed  that  the  Modal  Expansion  Method  has  a 
good  chance  for  success  because  it  has  been  used  successfully  in  determining 
radiation  patterns  of  antennas.  The  data  measurement  techniques  and 
equipment  are  presently  available  at  Georgia  Institute  of  Technology.  In 
addition,  some  of  the  analytical  and  sampling  criteria  have  already  been 
established.  None  of  these  statements  are  true  for  the  Subarea  Matrix 
Method;  however,  the  Subarea  Matrix  Method  should  not  be  completely  discarded. 
Some  simplified  experiments  would  be  worthwhile,  although  most  of  the  effort 
is  concentrated  on  the  Modal  Expansion  Method.  The  method  of  direct  measure¬ 
ment  would  also  be  of  value  for  comparison  in  specific  cases,  along  with  the 
theoretical  methods  for  simple  geometric  type  targets. 

C.  Correction  Factors  for  Near  Field  Gain  Measurements^ 
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The  apparent  gain  of  two  antennas  separated  by  a  finite  distance 
is  different  from  the  case  of  infinite  separation,  and  many  researchers  have 
dealt  with  the  problem  of  correcting  for  the  effect.  Most  of  these 
analytical  methods  make  various  assumptions  about  the  fields  which  make  it 
difficult  to  assign  a  value  to  the  computational  accuracy.  This  paper 
discusses  the  use  of  experimental  data  instead  of  assumed  field  distributions. 
The  results  are  compared  to  the  method  used  by  Chu  and  Semplak.  Both  papers 
are  based  on  the  power  transmission  formula.  The  apparent  gain  of  two 
antennas  is  given  by 


G1  G2 


(4*R)2  \ 

X2  p  » 


where  and  G^  are  the  apparent  gains  of  antennas  1  and  2 
R  *  distance  between  the  antenna  apertures 
A  «*  wavelength. 

The  equations  used  are  exact;  therefore,  if  the  fields  of  the  two  antennas 
were  known  exactly  on  a  common  surface  S  and  on  the  surfaces  Si  and  S2 
which  inclose  antenna  1  and  antenna  2,  then  the  near  field  gain  correction 
factors  could  be  computed  exactly. 

In  the  method  described  in  this  paper  the  far  field  patterns  of 
antennas  1  and  2  are  the  known  data.  Thus  to  obtain  the  fields  of  both 
antennas  on  a  common  surface,  a  spherical  wave  expansion  is  matched  to  the 
far  field  patterns.  These  expansions  are  then  evaluated  to  determine  the 
E  and  H  field  on  the  desired  surfaces. 

The  approach  of  the  authors  was  to  use  the  patterns  of  one  antenna 
transmitting  with  the  other  antenna  removed.  The  problem  with  this  approach 
is  that  multiple  scattering  is  neglected.  This  is  the  onl>  assumption  made 
by  this  method.  It  has  been  shown  that  multiple  scattering  can  have  an 
appreciable  effect.  It  is  also  common  practice  to  make  several  measurements 
over  a  small  range  of  antenna  separation,  and  use  curve  fitting  technioues 
to  remove  the  scattering  and  multipath  effects. 

This  approach  has  one  other  theoretical  shortcoming.  The  method  is 
sensitive  to  the  truncation  point  of  the  spherical  wave  expansion.  It  is 
well  known  that  spherical  waves  exhibit  cutoff  behavior  that  limits  the 
number  of  modes  to  approximately  N  *  ka,  where  k  is  the  propagation  constant, 
and  a  is  the  radius  of  the  smallest  'sphere  that  can  inclose  the  source.  Two 
suggested  guides  for  truncation  are: 

(1)  N  -  ka  +  10 

(2)  N  -  7.7  (2a/A) 0  * 78  for  l<a/A<15. 

In  the  first  attempts  the  authors  used  N  ■  25.  It  was  later  discovered  that 
a  better  choice  would  have  been  between  N  ■  18  and  N  *  22. 
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Accuracies  on  the  order  of  ±0.02  dB  appear  to  be  possible.  The 
differences  between  computed  and  measured  gain  correction  factors  were  a 
little  higher,  approximately  0.03  dB.  This  difference  could  be  due  in  part 
to  measurement  error  (see  Figure  3,  extracted  from  Reference  A).  Agreement 
is  quite  good  and  the  authors  believe  that  future  work  will  lead  to  even 
better  agreement. 

D.  Near  Field  Measurements  for  Occupational  Safety 

1 .  Near  Field  Electric  Energy  Density  Meter  (EDM)5 

The  EDM-2  electric  energy  density  radio  frequency  survey 
monitor  was  designed  to  measure  electric  fields  from  10  to  500  MHz.  This 
NBS  report  describes  the  problems  in  collecting  and  interpreting  the  monitor 
readings.  A  number  of  sources  of  error  are  discussed: 

(1)  The  reactive  near  field  components. 

(2)  The  amount  of  multipath  interference. 

(3)  Field  polarizations. 

(A)  The  field  modulation. 

(5)  The  complex  interactions  between  the  power  source  and 
nearby  objects. 

The  relationship  between  the  electric  field  and  the  magnetic  field 
is  completely  ambiguous  when  measurements  are  conducted  within  one  wavelength 
of  the  source. 

This  fact  requires  that  both  the  electric  and  magnetic  field  be 
measured  to  obtain  the  total  occupational  health  exposure.  The  EDM-2  monitor 
uses  a  set  of  three  orthogonal  dipoles  to  obtain  the  required  isotropic 
response.  The  output  of  the  dipoles  is  fed  to  the  monitor  electronics  by 
special  high  resistance  conductors  to  reduce  the  monitor’s  interaction  with 
the  RF  field.  The  meter  displays  electric  energy  density  from  0.003  to 
30  pj/m^.  These  values  equate  to  plane-wave  equivalent  power  density  from 
0.1  to  1000  mW/cm^.  The  monitor  is  calibrated  in  units  of  microjoules  per 
cubic  meter.  This  choice  was  made  because  it  simplified  the  circuit  as  well 
as  providing  useful  RF  data  on  an  easily  readable  dial.  The  units  are 
easily  related  to  milliwatts  per  square  centimeter  of  equivalent  plane-wave 
field  by  the  following  relationships: 


(1) 

S(yW/cm* 

)  -  60.0U  (nJ/m*) 

hi 

(2) 

S(mW/cm2) 

*  60.0  UE(pJ/m3) 

(3) 

10  mVJ/cm2 

(plane  wave)  ■  0.3  pj/m3 

(A) 

E(V/m)  - 

A75.33  jUE(UJ/m?}[  2 

(5) 

E(V/m)  = 

15.03  jUE(nJ/m3)}  1/2 
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The  EDM-2  represents  an  improvement  over  existing  monitors.  It 
has  a  faster  rise  and  fall  time  for  pulse  response,  a  dynamic  range  of  50  dB 
reduced  temperature  sensitivity,  low  noise  preamplifiers,  and  a  response 
flatness  of  ±1  dB  from  10  MHz  to  500  MHz. 

2 .  Measurement  of  Potentially  Hazardous  Electromagnet  1c  Fields — 

RF  and  Microwave^ 

The  measurement  of  electromagnetic  fields  from  1  MHz  to 
100  GHz  is  discussed  in  this  draft  ANSI  Standard,  dated  November  1978.  This 
document  was  written  to  replace  older  documents  which  did  not  cover  frequen¬ 
cies  below  300  MHz  or  problems  associated  with  the  accurate  measurements  in 
the  near  field.  This  was  due  in  part  to  the  unavailability  of  instruments 
capable  of  making  accurate  measurements  in  the  near  field. 

For  thp  frequencies  above  300  MHz  meaningful  data  can  be 
measured  at  distances  greater  than  a^/X,  where  the  probe  dimension  is  less 
than  a.  a  is  the  largest  aperture  dimension  and  X  is  the  wavelength. 

Power  density  is  used  as  the  hazard  indicator;  however,  no 
existing  instrument  measures  power  density  directly.  The  techniques  used 
are  usually  to  measure  one  or  more  components  of  the  electric  field  E  or 
the  magnetic  field  H  and  infer  a  power  density  based  on  the  plane-wave  far 
field  relationships. 

Measurements  are  required  in  the  reactive  or  radiating  near 
field  region  where  standing  waves  occur.  Since  hazards  are  due  to  energy 
absorption,  the  parameters  | E | 2  and  | H l 2  can  be  measured.  The  energy 
densities  Ug  *  e *  j E | 2/4  and  Uy  ■  y * | H | ^ /A  are  also  representative  of  the 
amount  of  hazard,  where  e'  and  u’  are  the  real  parts  of  the  dielectric 
constant  e  and  the  magnetic  susceptibility  y,  with  the  energy  Joules/meter3 
(J/m3) .  This  choice  conveniently  allows  both  E  and  H  to  be  expressed  in  the 
same  units. 

The  typical  situations  in  which  near  field  measurements  are 

required  are: 

(1)  Leakage  fields  from  waveguides. 

(2)  Radiation  fields  from  large  antennas. 

(3)  Reactive  fields  from  large  low  frequency  horns. 

"Leakage."  refers  to  unintentional  leakage  of  energy,  whereas 
"radiation  fields"  refers  to  intentional  radiations.  The  "reactive  fields" 
exist  in  both  the  leakage  and  radiation  fields  and  are  generally  stronger 
near  inefficient  radiators.  The  problem  of  multipath  interference  is 
another  complication  that  exists  to  some  degree  in  every  situation. 

Summary  of  Measurement  Techniques.  Some  of  the  factors  which 
determine  the  electromagnetic  environment  are:  the  direction  of  energy 
propagation  with  respect  to  the  sources,  polarization,  frequency,  type  of 
modulation,  and  power  of  sources.  The  variable  nature  of  these  effects  as 
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well  as  their  effects  on  the  resultant  electromagnetic  environment  make  it 
difficult  to  design  and  operate  instruments  which  can  measure  the  electro¬ 
magnetic  environment  with  sufficient  accuracy  to  insure  personnel  safety. 

The  near  fields  of  radio  frequency  sources  are  character ired  by 
the  combination  of  both  reactive  and  radiation  components.  These  components 
have  spatial  and  temporal  variations  which  are  functions  of  the  physical 
environment  and  the  type  source's  that  generate  them.  These  variations  create 
many  unique  situations  which  make  calculations  of  near  field  intensities 
impractical.  Therefore,  one  must  rely  on  measurements. 

III.  COMMENTS  ON  NEAR  FIELD  LITERATURE  SURVEY /CONCLUSIONS 

In  light  of  information  contained  in  existing  literature,  it  is  obvious 
that  the  need  discussed  in  Section  I,  i.e.,  electromagnetic  interference  in 
the  near  field  of  large  microwave  antennas,  has  not  been  investigated  to 
sufficient  depth  to  answer  certain  fundamental  questions.  Since  these 
questions  are  of  tremendous  importance  to  a  large  number  of  defense  systems 
and  a  growing  number  of  commercial  electronic  systems,  further  research  in 
this  area  seems  appropriate.  It  is  apparent  that  much  of  the  material 
surveyed  applies  to  near  field  testing  phenomena.  This  arterial  provides  a 
sound  basis  and  a  strong  impetus  for  future  research. 
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DEFINITIONS 


Antenna  -  A  device  used  to  radiate  or  receive  radio  waves. 

Antenna  Array  -  An  antenna  system  which  uses  multiple  antennas  to  obtain 
directional  effects. 

Antenna  Gain,  Relative  -  The  ra'io  of  the  power  gain  of  an  antenna  relative 
to  a  half-wave  dipole  or  isotropic  antenna. 

Beamwidth,  Half-Power  -  The  half  power  beamwidth  is  measured  in  the  plane 
containing  the  lobe  maximum.  It  is  the  angle  between  the  two  directions 
in  that  plane  that  intersects  the  3  dB  points  of  the  maximum  lobe. 

Dipole  -  An  antenna  that  produces  a  pattern  that  is  similar  to  an  elementary 
dipole.  It  is  usually  a  1 1^  X  straight  radiator,  which  is  fed  at  the 
center. 

Electric  Field  -  A  vector  field  of  the  electric  field  strength. 

Electric  Field  Strength  -  The  magnitude  of  the  electric  field  vector. 

Far  Field  Region  -  That  part  of  the  field  of  an  antenna  where  the  angular 
field  distribution  is  nearly  independent  of  the  distance  from  the 
antenna,  which  is  sometimes  defined  by  2D^/X. 

Isotropic  -  Having  the  same  properties  in  all  directions. 

Magnetic  Field  Strength  -  The  magnitude  of  the  magnetic  field  vector. 

Magnetic  Field  Vector  -  Given  by  the  division  of  the  magnetic  induction 
by  the  permeability  of  the  medium. 

Microwaves  -  Normally  are  radio  waves  that  range  in  frequency  from 
approximately  1  GHz  to  200  GHz. 

Near  Field  Region,  Radiating  -  The  region  of  an  antenna  between  the  reactive 
near  field  region  and  the  far  field  region.  In  this  region  the  angular 
field  distribution  is  dependent  on  the  distances  from  the  antenna.  If 
an  antenna  is  focused  at  infinity,  this  region  is  sometimes  referred  to 
as  the  Fresnel  zone  —  due  to  the  analogy  to  optical  terminology. 

Near  Field  Region,  Reactive  -  That  part  of  the  field  immediately  surrounding 
the  antenna.  For  most  antennas  the  region  exists  to  a  distance  of  X/2tt 
from  the  antenna's  surface,  where  X  is  the  wavelength. 

Radar  -  Refers  to  a  system  which  radiates  electromagnetic  waves  and  receives 
the  reflections  of  the  waves  from  distant  objects.  These  reflections 
are  utilized  to  determine  the  existence  of  the  objects  and  their 
positions . 
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APPENDIX  B 


DESIGN,  CONSTRUCTION,  AND  CALIBRATION  OF  PSEUDO-TRANSPARENT 
NON-INTERFERING  ELECTRIC  AND  MAGNETIC  FIELD  SENSORS 


This  entire  appendix  appeared  as  a  paper  in  the  Proceedings  of  IEEE 
Southeastcon  1981,  pages  120-124  by  Brian  R.  Strickland,  George  R.  Edlin 
and  Thomas  H,  Shumpert. 
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DESIGN,  CONSTRUCTION,  AND  CALIBRATION  OF  PSEUDO-TRANSPARENT, 
NON-INTERFERING  ELECTRIC  AND  MAGNETIC  FIELD  SENSORS 


Abstract 

For  non-uniform,  non-planar  electromagnetic  fields,  knowledge  of  the 
magnitude  and  phase  of  each  of  the  three  orthogonal  components  of  both  the 
electric  field  and  the  magnetic  field  is  required  to  completely  characterise 
the  field.  Electrically  small,  polarisation  selective,  electric  and  magnetic 
field  sensors  for  measurement  in  the  UHF  band  have  been  designed,  constructed, 
and  calibrated.  These  censors  are  short  dipoles  (for  electric  fields)  and 
small  loops  (for  magnetic  fields)  with  RF  diodes  across  their  gaps.  The 
rectified  RF  is  transferred  down  semiconductor  (carbon-filled)  lines  to  a  DC 
voltmeter.  Calibration  of  the  sensors  was  accomplished  in  a  "TEM  cell" 
transmission  line.  Complete  discussion  of  the  various  phases  of  this  work 
is  included  in  the  paper.  ) 

Design 

Two  characteristics  of  the  B  Dot  probe  need  to  be  considered:  namely, 
frequency  response  and  voltage  output.  (See  Reference  3) 


0.35c 

f  *  - 

max  2tia 

where  c  is  the  speed  of  light  and  a  is  the  radius  of  the  loop,  and 
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where  A  is  the  area  of  the  loop  and  Eq  is  field  density.  Since 

E  -  Be 
o 


(3) 


where  B  is  the  flux  density  in  webers  per  square  meter,  equation  (2)  becomes 


V  2n  fAB 
P 

Clearly,  equations  (1)  and  (4)  are  area  dependent. 


(4) 


The  voltage  and  frequency  relationships  of  a  dipole  antenna  can  be 
derived  from  the  equations  given  by  Taggert  and  Workman  (Reference  1)  as 
follows: 


«  X  TT  Xj  .  _ . 

£cff =  *  tan  r  (5) 

where  =  the  effective  length  of  the  antenna,  £  ■  the  antenna  half-length 

in  meters.  For  a  half-wave  resonant  antenna  Z  *  A/4.  For  this  condition, 
equation  (5)  reduces  to 
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a  =  — 

eff  * 


(6) 


However,  shorter  non-resonant  antennas  cannot  be  treated  in  this  manner  as 
the  effective  length  is  reduced  by  the  tangent  function.  For  very  short 
antennas  using  tan  0  =  0  for  small  0  =  A  which  indicates  a  region  where 

Voc  is  independent  of  frequency.  This  indeed  was  verified  by  the  data. 
Furthermore, 


V 

oc 


E* 


eff 


(7) 


where 


Voc  =  open-circuit  antenna  voltage  in  volts 

E  =  electric  field  in  volts  per  meter. 

Signal  detection  should  occur  at  the  probe  as  attempting  to  extract  an 
RF  signal  from  a  field  could  introduce  severe  interference  problems.  It  is 
suggested  that  the  detecting  element  be  mounted  directly  across  the  gaps  in 
the  case  of  the  B  Dot  probe  and  directly  between  the  elements  of  the  dipole 
antenna  (see  Figure  1) . 


••DOT  l^OM 

f*Oif 


Figure  1.  Geometrical  and  electrical  configuration 
of  E  and  B  field  probes. 

Clearly,  no  metallic  conductor  should  be  used  in  removing  the  detected 
signal  from  the  field.  However,  carbon  filled,  or  semiconductor  lines,  may 
be  used  with  virtually  no  effect  on  the  field.  One  disadvantage  of  semicon¬ 
ductor  lines  is  the  high  resistance/length.  Typical  values  of  resistance 
for  5-10  meters  is  300  K£5.  This  problem  can  be  alleviated  by  either  use  of 
a  very  high  impedance  voltmeter  (we  used  lOOMft)  or  use  of  precision  high 
input  impedance  buffer  amplifiers. 
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The  above  equations,  1  through  7,  were  used  to  obtain  dimensions  of  the 
two  probes  for  operation  in  the  desired  frequency  range  of  interest.  Another 
factor  to  consider  is  the  requirement  for  noninteracting  or  nonperturbing 
probes.  This  placed  an  upper  limit  on  the  dimensions. 

Construction 


Construction  of  a  ruggedized  B  Dot  as  well  as  E  probes  was  accomplished. 
Teflon  was  used  for  all  possible  portions  of  the  probe.  The  elements  of  the 
probes  are  constructed  from  single  sided  G-10  epoxy  fiberglass  printed 
circuit  board.  The  B  dot  probe  used  the  double  gap  design  to  cancel  the 
effect  of  the  E  field  across  the  gap.  The  major  change  in  design  was  to  go 
to  a  two  dimensional  design  since  transmission  line  matching  was  no  longer 
required.  Also  because  of  the  ease  of  construction,  a  square  instead  of 
circular  loop  was  used.  Therefore,  equation  1  will  be  modified  slightly  for 
the  new  probes.  The  E  field  probe  used  a  3/32  brass  rod  for  the  elements. 
For  each  probe,  the  dimensions  were  kept  short  ( Jl< .  1  A)  to  assure  that  the 
probe  does  not  resonate.  IN832  RF  diodes  were  used  in  both  cases:  two  for 
the  B  dot  and  one  for  the  E  field  probe. 

Accurate  measurement  of  the  orthogonal  components  of  the  B  and  E  fields 
requires  that  the  probes  are  capable  of  horizontal,  radial  or  vertical 
orientation  with  the  same  phase  center.  Therefore,  freedom  of  movement  is 
necessary  in  three  planes  and  the  probe  mounts  were  constructed  to  provide 
this  movement  without  changing  the  phase  center.  Figure  1  gives  the 
details  of  the  probes. 

Calibration 


There  are  several  methods  of  calibration  of  field  measuring  probes 
(Reference  1).  Among  these  are  the  standard  antenna  method,  the  standard 
field  method  and  the  injection  method.  Basically,  the  standard  field 
technique  involves  placing  the  probe  in  a  known  standard  field  and 
determining  a  calibration  factor  or  antenna  coefficient  from  the  magnitude 
of  the  known  field  and  the  output  of  the  probe.  The  antenna  equations  must 
be  solved  for  'E',  and 

E 

K  =  ~  (8) 

Ek 

where 

K  =  the  antenna  coefficient 

E  ■  the  measured  field 
m 

E,  =  the  known  field, 
k 

To  calibrate  an  antenna  using  the  standard  antenna  method,  the  calibrating 
field  is  measured  first  using  a  standard  antenna.  The  antenna  under  test  is 
then  substituted  in  place  of  the  standard  antenna.  From  these  data,  the 
antenna  coefficient  can  be  determined.  With  the  injection  method,  a  low 


«9 


Impedance  voltage  source  (less  than  0.1  ohm)  is  used  to  inject  a  known  voltage 
in  series  with  the  antenna.  By  calculating  the  effective  length  of  the 
antenna  and  knowing  the  injected  voi  age,  the  antenna  coefficient  can  be 
determined.  This  method  is  the  least  accurate,  while  the  standard  field 
method  is  the  most  accurate.  A  complete  discussion  of  calibration  techniques 
can  be  found  in  reference  (1). 

Calibration  was  performed  using  the  standard  field  method.  A  Narda 
Microwave  Corporation  TEM  Transmission  Cell  was  used  to  establish  the 
standard  field.  With  this  TEM  cell  the  standard  field  method  can  be  used 
with  great  accuracy  since  the  only  field  perturbations  are  caused  by  the 
probe  itself  and  no  other  sources  of  reflection  and  interference  such  as  the 
ground  are  present. 

TEM  Cells  (Reference  2)  are  sections  of  a  two  conductor  transmission  line 
which  operate  in  the  transverse  electromagnetic  mode.  TEM  cells  are  sometimes 
referred  to  as  Crawford  Cells  after  their  developer,  Myron  Crawford  of  the 
National  Bureau  of  Standards.  The  cell  is  structured  from  a  rectangular  outer 
conductor  and  a  flat  center  conductor.  The  center  conductor,  or  septum,  is 
located  midway  between  the  top  and  bottom  walls.  The  ends  of  the  cell  taper 
down  to  precision  type  N  connectors  at  each  end.  Dimensions  and  tapers  of 
the  cell  are  chosen  to  provide  a  50  ohm  impedance  from  end  to  end.  The  field 
at  the  center  of  the  cell  is  uniform  and  very  close  to  the  377  ohm  impedance 
of  free  space.  The  electric  field  intensity  in  volts  per  meter  at  the  center 
of  the  cell,  midway  between  the  septum  and  outer  wall  is  given  by  the  equation 

E  =  47.  lV^  (9) 

where  Pn  is  the  net  power  transmitted  thru  the  ceil.  The  electric  field  is 
polarized  normal  to  the  plane  of  the  septum.  The  probe  to  be  calibrated  is 
placed  in  the  cell  and  the  output  voltage  is  measured  thru  the  ports 
provided  in  the  cell. 

It  was  desired  to  obtain  a  quick  and  accurate  calibration  technique.  The 
first  step  in  this  procedure  was  to  obtain  a  general  idea  of  probe  output 
voltage  variations  with  frequency,  field  level,  temperature,  and  RF  diodes.  This 
was  accomplished  by  hand  measurement  of  Vo  while  the  four  parameters  were  varied. 
The  TEM  cell  was  placed  inside  an  environmental  chamber  where  temperature  and 
humidity  could  be  varied  and  measured.  The  humidity  was  kept  relatively 
constant.  Five  E  field  probes  and  five  B  field  probes  were  used  to  obtain 
the  effect  of  different  RF  diodes  on  Vo.  If  Vo  were  plotted  vs.  frequency, 
field  level,  and  temp.,  we  would  have  a  three  parameter  family  of  curves  which 
would  require  a  three  dimensional  graph  to  display.  Since  the  desired  end 
result  was  to  obtain 

Fl  -  f (f ,Vo,T)  (10) 

where 

f  ”  frequency 

Fl  =  field  level  (B  or  E) 

Vo  ■  Probe  output  voltage 


F 
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temperature, 


we  needed  to  determine  the  interdependence  of  variables  and  determine  a  way 
to  computer  process  the  data  to  obtain  equation  (10).  A  standard  polynomial 
regression  technique  would  not  work  because  it  does  not  extend  to  more  than 
one  variable.  Also  it  was  not  clear  how  to  present  the  data  in  two 
dimensional  graphs  to  best  show  off  the  data  and  bring  out  significant 
hidden  facts  and  data  trends.  As  a  result  many  different  presentations  were 
examined,  i.e.,  Vo  vs.  f  with  F;,  as  a  parameter,  vs.  Vo  with  f  as  a 
parameter,  vs.  Vo  with  T  as  a  parameter,  etc.  Since  we  have  four  different 
parameters,  4!  =  24  number  of  possible  permutations  exist,  i.e.,  there  are 
24  possible  ways  to  present  the  data. 

After  examination  of  the  data  the  temperature  variations  seemed  to  vary  from 
diode  to  diode  and  no  pattern  could  be  recognized.  The  temperature  variation 
seemed  to  be  a  random  function  of  the  diode.  All  24  permutations  were  not 
used  (8  would  have  T  as  a  variable)  so  it  is  possible  that  a  pattern  could 
exist  and  merely  not  be  discovered.  This  aspect  will  be  investigated  more 
fully  at  a  later  date.  Based  on  this  it  was  determined  to  leave  T  out  and 
determine  equation  (10)  with  T  fixed.  Either  equations  could  be  determined  at 
several  different  temperatures  or  an  equation  could  be  determined  immediately 
prior  to  use  at  ambient  temperature.  This  is  feasible  since  determination 
of  the  equation  will  only  take  about  10-30  minutes.  Styrofoam  would  need  to 
surround  the  probes  for  ruggedization  and  to  prevent  heating  or  cooling  due 
to  wind  or  direct  sunlight.  Removal  of  T  as  a  variable  greatly  reduces  th*» 
data  problem.  Now  only  6  different  permutations  exist  (actually  only  3).  It 
was  decided  to  plot  Vo  vs.  f  with  Fl  as  a  parameter.  For  brevity  only  the  E 
field  probe  is  discussed  in  the  remainder  of  the  paper.  A  typical  plot  is 
shown  in  Figure  2. 
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The  Hewlett-Packard  9825  microcomputer  is  utilised  to  control  the 
operation  and  the  Hewlett-Packard  Interface  Bus  is  used  throughout  the 
system.  The  block  diagram  of  the  computer  calibration  system  is  shown  in 
Figure  3.  Data  is  taken  by  the  computer  as  follows: 


Figure  3.  Probe  calibration  configuration. 

1.  A  given  Fl  is  set  within  ±.5  db  (since  the  signal  generator  has  a 
ldb  step  attenuator). 

2.  The  frequency  is  set. 

3.  Vo,  f  and  FL  are  stored  in  an  array. 

4.  The  frequency  is  stepped  and  3  repeated. 

Assume  for  illustration  purposes  9  frequency  points  and  9  field  levels  are 
used.  This  gives  a  9  x  9  x  3  tensor  or  3  dimensional  array  with  81  rows.  If 
f  and  Fl  are  independent,  we  can  change  equation  (10)  to 

Fl  f(f)  f  (Vo)  . 

This  is  approximately  true  and  will  lend  itself  to  polynomial  regressions 
around  a  given  F^  and  f,  and  if  f  and  Fl  are  not  allowed  much  deviation  from 
these  values,  equation  (li)  will  give  negligible  error.  However,  a  more 
general  and  accurate  equation  was  desired  so  we  must  go  back  to  equation  (10) 

Since  f  is  the  only  truly  accurate  variable  left  to  us  (Fl  is  ±  .5  db 
from  the  set  value  sc) ,  a  polynomial  regression  is  performed  on  the  data  9 
times  for  each  frequency  point  giving  a  series  of  equations  as  follows 
(assuming  3rd  order  polynomial  regression): 
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FL  *  C11  V°3  +  C12  V°2  +  C13  Vo  *  f  "  fj 
PL  ‘  C21  V°3  +  C22  V°2  +  C23  V°  ■  1  '  f2 


(12) 


FL  ■  C91  V°3  +  C92  Vo  +  c93  V°  •  £  '  f9  • 

Now  the  original  9x9x3  tensor  is  discarded  if  program  memory  is  a 
problem  and  we  have  a  new  9x4  matrix  composed  of  the  C's  in  equation  (12). 
Note  in  equation  (12)  that  a  constant  term  does  not  exist.  This  is  because 
it  is  desired  to  force  ^ °  when  Vo  *  o.  Now  a  single  equation  is  obtained 
from  equation  (3)  by  using  a  polynomial  regression  on  each  column  of  the  new 
9x9  matrix  giving  3  equations  for  the  3  columns  as  a  function  of  frequency 


Fl  =  C1(f)Vo3  +  C2(f)Vo2  +  C3(f)Vo 


(13) 


Referring  to  equation  (.13)  and  Figure  2,  it  is  expected  that  Fl  will 
follow  a  -f  curve,  therefore  Cj^f),  C2(f),  C3(f)  will  follow  an  f3  curve 
which  indicates  that  C3(f),  C2(f),  C3(f)  need  to  be  3rd  degree  polynomials. 

It  is  also  noted  that  Fl  vs.  Vo  is  also  linear  as  is  expected  from  equation 
(7)  so  the  first  two  columns  of  the  matrix  in  equation  (12)  can  be  dropped 
without  causing  appreciable  error  if  computer  memory  or  time  is  a  constraint. 

This  type  of  analysis  is  also  used  with  the  B  dot  probe  to  determine  the 
degrees  of  the  four  polynomials  used. 
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I.  INTRODUCTION 

The  purpose  of  the  project  is  to  design  and  construct  a  test  fixture 
to  measure  the  characteristics  of  the  near  field  emitteJ  from  a  standard 
gain  horn.  This  report  consists  of  a  discussion  of  the  probes  used  for 
measurement,  possible  designs  of  the  support  structure,  methods  of  position¬ 
ing  the  probes,  and  data  acquisition  techniques.  A  discussion  of  a  working 
model  is  also  included. 

II.  DISCUSSION  OF  ELECTRIC  AND  MAGNETIC  PROBES 

Characterization  of  an  electromagnetic  field  requires  that  the 
orthogonal  components  of  both  the  B  and  E  fields  be  accurately  measured  and 
recorded.  This  is  true  for  the  far  field  as  well  as  the  near  field 
environment.  These  measurements  can  then  be  used  to  determine  the  power 
density  of  the  field.  Conventional  measurement  of  these  fields  is  performed 
using  the  B  Dot  probe  (antennA)  and  calibrated  dipole  antennas  (E  probes). 

Two  characteristics  of  the  B  Dot  probe  need  to  be  considered;  namely, 
frequency  response  and  voltage  output.  By  the  equations  given  in  Reference  1 


f  max 


0.35  c 
2tt  a 


where  c  is  the  speed  of  light  and  a  is  the  radius  of  the  loop,  and 


2*  AE0f 


where  A  is  the  area  of  the  loop  and  E0  is  the  field  density.  Since 


where  B  is  the  flux  density  in  webers  per  square  meter,  equation  (2)  becomes 

|Vp|  -  2irfAB  (4) 

clearly,  equations  (1)  and  (4)  are  area  dependent. 

The  voltage  and  frequency  relationships  of  a  dipole  antenna  can  be 
derived  from  the  equations  given  by  Taggert  and  Workman  (Reference  2)  as 
follows: 

1eff  ’  ¥  tan  X“  <5> 


where 


leff  ■  the  effective  length  of  the  antenna. 


■  the  antenna  half-length  (^-)  in  meters  for  a  self-resonant 
antenna  (half  wavelength) . 
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For  this  condition,  equation  (5)  reduces  to 

1  -  — 
eff  it  * 


However,  shorter  nonresonant  antennas  cannot  be  treated  in  this  manner  as 
the  effective  length  is  reduced  by  the  tangent  function.  Furthermore, 


V 


oc 


El 


eff 


(6) 


where 


open-circuit  antenna  voltage  in  volts, 
electric  field  in  volts  per  meter, 
effective  antenna  length  in  meters. 

Accurate  measurement  of  the  orthogonal  components  of  the  B  and  E  fields 
requires  that  the  probes  are  capable  of  horizontal,  radial  or  vertical 
orientation  with  the  same  phase  center.  Further,  the  probes  must  be  moved 
spatially  throughout  the  field;  that  is,  in  the  longitudinal  and  transverse 
planes.  This  introduces  physical  mounting  problems  which  will  be  considered 
later. 

Signal  detection  should  occur  at  the  probe  as  attempting  to  extract  an 
RF  signal  from  a  field  could  introduce  severe  interference  problems 
(Reference  3) .  It  is  suggested  that  the  detecting  element  be  mounted 
directly  across  the  gaps  in  the  case  of  the  B  Dot  probe  and  directly  between 
the  elements  of  the  dipole  antenna  (see  Figure  1) .  RF  diodes,  light 
emitting  diodes  or  liquid  crystals  could  be  successfully  used  for  detection. 
A  filter  may  be  desirable,  but  is  not  essential  for  accurate  field  measure¬ 
ments. 

Clearly,  no  metallic  conductor  should  be  used  in  removing  the  detected 
signal  from  the  field.  However,  carbon  filled  or  semiconductor  lines,  may 
be  used  with  virtually  no  effect  on  the  field.  One  disadvantage  of  semi¬ 
conductor  lines  is  the  high  loss  introduced  into  the  system.  While  not 
excessive,  this  loss  must  be  considered  in  the  probe  calibration  factor.  In 
the  case  of  the  light-emitting  diode  or  liquid  crystal  detectors,  fiber 
optic  lines  could  be  used  to  transmit  the  signal  out  of  the  field  with  the 
advantage  of  a  high  degree  of  isolation  between  the  probe  and  the  load  of 
the  measuring  device.  This  method,  however,  is  much  more  complex  and  the 
cost  is  considerable.  If  cost  and  complexity  can  be  overlooked,  the  fiber 
optic  system  seems  to  be  the  most  desirable.  Another  possible  configuration 
would  be  to  convert  the  detected  signal  to  a  frequency  modulated  audio  tone 
to  be  transmitted  out  of  the  field.  No  effort  to  prove  or  disprove  this 
method  was  expended  during  this  research,  but  it  certainly  seems  to  warrant 
future  investigation. 

There  are  several  methods  of  calibration  of  field  measuring  probes 
(Reference  2).  Among  these  are  the  standard  antenna  method,  the  standard 
field  method  and  the  injection  method.  Basically,  the  standard  field 
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Figure  1.  Geometrical  and  electrical  configuration 
of  E  and  B  field  probes. 


technique  Involves  placing  the  probe  in  a  known  standard  field  and 
determining  a  calibration  factor  or  antenna  coefficient  from  the  magnitude 
of  the  known  field  and  the  output  of  the  probe.  The  antenna  equations 
must  be  solved  for  'E',  and 

K  -  Em  (7) 


where 

K  “  the  antenna  coefficient 

E  ■  the  measured  field 
in 

■  the  known  field. 

To  calibrate  an  antenna  using  the  standard  antenna  method,  the  calibrating 
field  is  measured  first  using  a  standard  antenna.  The  antenna  under  test 
is  then  substituted  for  the  standard  antenna.  From  these  data,  the  antenna 
coefficient  can  be  determined.  With  the  injection  method,  a  low  impedance 
voltage  source  (less  than  0.1-ohm)  is  used  to  inject  a  known  voltage  in 
series  with  the  antenna.  By  calculating  the  effective  length  of  the  antenna 
and  knowing  the  injected  voltage,  the  antenna  coefficient  can  be  determined. 
This  method  is  the  least  accurate,  while  the  standard  field  method  is  the 
most  accurate.  A  complete  discussion  of  calibration  techniques  can  be 
found  in  Reference  2. 

III.  DESIGN  OF  PROBE  SUPPORT  STRUCTURE 

The  primary  problem  encountered  in  measuring  an  electromagnetic  field 
is  distortion  of  the  field  by  the  measuring  equipment.  Metallic  materials 
are  completely  ruled  out  for  use  as  a  probe  support  structure  since  ground 
planes  are  easily  established  on  metallic  surfaces,  particularly  at  higher 
frequencies.  Therefore,  it  is  desirable  to  use  materials  which  are  insulators. 

Several  possibilities  exist  for  probe  support  using  non-metallic  materi¬ 
als  such  as  ceramics,  wood,  and  many  types  of  plastics.  While  ceramic 
material  is  useful,  cost  and  fragility  would  limit  its  use  in  ruggedised 
systems.  Wood  has  been  in  use  for  such  applications  for  a  considerable 
period  of  time;  however,  there  are  some  disadvantages.  Dimensional  instabil¬ 
ity  due  to  moisture,  heat,  and  light  make  wood  a  difficult  material  to  use 
for  probe  positioners.  Plastic  while  far  from  ideal,  seems  to  be  one  of  the 
better  alternatives.  Unless  extremely  heavy  grades  of  plastic  are  used,  the 
slightest  wind  can  cause  it  to  flex.  If  plastic  materials  have  an  advantage, 
it  is  their  ability  to  endure  exposure  to  weather. 

IV.  PROBE  POSITIONING  AND  DATA  ACQUISITION 

Another  major  problem  encountered  in  field  characterisation  is  position 
control  and  data  acquisition.  For  the  present  project,  the  required  preci¬ 
sion  is  ±  five  millimeters.  Measurements  will  be  made  in  three  directions 
and  in  three  orientations.  Over  the  required  distances,  this  amounts  to 
some  216,000  data  points.  The  mass  of  data  and  the  required  precision 
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dictate  that  a  computer  be  used  to  control  the  teat.  A  complete  discussion 
of  computer  control  is  beyond  the  scope  of  this  paper;  however,  a  summary 
of  the  method  used  will  be  discussed  later. 

Position  indication  can  be  accomplished  by  analog  or  digital  means. 

Analog  methods  involve  the  use  of  a  multi-turn  potentiometer  in  the  motor 
drive  train.  Several  problems  are  encountered  with  this  method.  Slippage, 
motor  starting  torque  and  the  necessity  of  A  to  D  conversion  make  this 
method  undesirable. 

By  far,  the  better  method  of  position  indication  is  direct  digital  pulse 
generation.  Pulses  can  be  generated  either  optically,  electrically,  or 
mechanically.  The  optical  method  involves  a  light  source  passing  over  a 
coded  area  of  the  positioner  frame  such  that  the  light  might  be  reflected 
or  not  reflected  from  the  frame.  A  photo  diode  could  be  used  to  receive  the 
light  pulses.  These  light  pulses  could  also  be  transmitted  via  a  fiber 
optic  line  to  the  controlling  system.  Encoded  electrical  tones  could  be  used 
to  Indicate  position  by  much  the  same  methods.  However,  for  both  optical 
and  electrical  methods,  decoding  at  the  computer  introduces  an  additional 
processing  step.  A  mechanical  position  indicator  could  also  be  used.  One 
method  is  to  use  a  small  micro-switch  with  a  roller  arm  that  rolls  over  trip 
points  on  the  stationary  portion  of  the  positioner  frame.  These  switch 
closures  are  simply  counted  by  the  computer  so  that  the  computer  can  keep 
track  of  where  the  positioner  is  located.  Again,  the  use  of  semiconductor 
lines  is  necessary  to  avoid  disturbance  of  the  electromagnetic  field  being 
measured . 

Construction  of  the  probe  positioner  began  with  the  stationary  frame. 
Six-inch  poly  vinyl  chloride  (PVC)  pipe  was  used  for  the  support  uprights 
and  the  rails.  Nylon  bolts  and  PVC  cement  were  used  to  assemble  the  pipe. 
Since  PVC  pipe  will  sag  unless  supported,  several  braces  were  installed 
using  metal  screws  for  rigidity.  Other  fastening  methods  may  have  been  more 
desirable  from  an  interference  standpoint,  but  these  small  amounts  of  metal 
close  to  the  ground  level  did  not  adversely  affect  the  field. 

The  dimensions  of  the  frame  are  shown  in  Figure  2.  The  length  of  the 
frame  was  conveniently  chosen  to  make  use  of  standard  lengths  of  PVC.  This 
length  allows  a  measurement  distance  of  4.8  meters  which  is  adequate  for 
the  test. 

It  was  necessary  to  be  able  to  move  the  positioner  periodically  during 
construction  and  testing.  However,  because  of  the  positioner's  weight, 
swivel  casters  were  installed  to  facilitate  movement.  To  construct  these 
casters,  a  round  wooden  block  was  placed  upright  inside  the  support  and  a 
plastic  plate  attached  to  the  bottom  of  the  block.  The  wheel  assembly  was 
then  attached  to  the  plastic  plate. 

The  mast  trolly  assembly  was  constructed  of  PVC  and  two-inch  redwood  and 
was  assembled  entirely  with  nylon  hardware  (Figure  3) .  The  runners  were  made 
by  cutting  a  220°  segment  of  eight-inch  PVC  pipe.  The  redwood  was  used  for 
crossmembers.  The  mast  bracket  is  3/8"  PVC  sheet  with  redwood  spacers. 

Wheel  mounting  brackets  were  cut  from  plexiglass  blocks.  When  using  these 
materials,  careful  and  accurate  alignment  was  absolutely  essential. 
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Dimensional  sketch  of  probe  positioner 


Figure  3.  Detail  of  mast  trolley. 


The  mast  consisted  of  a  piece  of  two-inch  PVC  pipe.  Guy  ropes  were 
necessary  to  keep  the  mast  from  bending  as  the  trolly  moved  along  the 
positioner. 

According  to  Reference  5,  "Use  of  B  Dot  as  a  standard  field  measuring 
probe  has  given  rise  to  a  need  for  a  rugged ized  probe.  The  development  of  a 
more  durable  probe  would  save  considerable  time  on  repair  and  checkout  of 
damaged  probes."  With  this  in  mind,  construction  of  a  ruggedized  B  Dot  as 
well  as  E  probes  was  accomplished.  Teflon  was  used  for  all  possible  portions 
of  the  probe.  The  element  of  the  B  Dot  probe  is  constructed  from  single 
sided  G-10  epoxy  fiberglass  printed  circuit  board.  The  output  of  this  probe 
compares  favorably  with  the  output  of  a  standard  B  Dot  probe  of  comparable 
size.  A  similar  construction  technique  was  used  for  the  E  probe.  A  3/32" 
brass  rod  was  used  for  the  elements.  For  each  probe,  the  length  i3  kept 
short  (£  <  0.1A)  to  ensure  that  the  probe  does  not  resonate.  Freedom  of 
movement  is  necessary  in  three  planes  and  the  probe  mounts  are  constructed 
to  provide  this  movement  without  changing  the  phase  center.  Figures  1,  4, 

5,  6  and  7  give  the  details  of  the  probes  which  are  mounted  to  the  mast  with 
/2"  nylon  bolts.  All  semiconductor  lines  fiom  the  probes  are  brought  to  a 
common  junction  box  at  the  base  of  the  mast  where  they  are  converted  to 
shielded  lines.  Two  separate  masts  were  constructed  to  reduce  probe  damage 
during  testing.  The  B  Dot  probes  are  mounted  or  one  mast  and  the  E  probes 
are  mounted  on  the  other. 

At  the  time  of  this  writing,  calibration  of  the  probes  had  not  been 
completed.  However,  an  outline  of  the  procedure  to  be  used  follows. 

Calibration  will  be  performed  using  the  standard  field  method.  A  Narda 
Microwave  Corporation  TEM  Transmission  Cell  will  be  used  to  establish  the 
standard  field.  TEM  Cells  (Reference  4)  are  sections  of  a  two  conductor 
transmission  line  which  operate  in  the  transverse  electromagnetic  mode. 

TEM  Cells  are  sometimes  referred  to  as  Crawford  Cells  after  their  developer, 
Myron  Crawford  of  the  National  Bureau  of  Standards.  The  cell  is  structured 
with  a  rectangular  outer  conductor  and  a  flat  center  conductor.  The  center 
conductor,  or  septum,  is  located  midway  between  the  top  and  bottom  walls. 

The  ends  of  the  cell  taper  down  to  precision  type  N  connectors  at  each  end. 
Dimensions  and  tapers  of  the  cell  are  chosen  to  provide  a  50-ohm  impedance 
from  end  to  end.  The  field  at  the  center  of  the  cell  is  uniform  and  very 
close  to  the  377-ohm  impedance  of  free  space.  The  electric  field  intensity 
in  volts  per  meter  at  the  center  of  the  cell,  midway  between  the  septum 
and  outer  wall  is  given  by  the  equation 


where  Pn  is  the  net  power  transmitted  thru  the  cell.  The  electric  field 
is  polarized  normal  to  the  plane  of  the  septum.  The  probe  to  be  calibrated 
is  placed  in  the  cell  and  the  output  voltage  is  measured  through  the  ports 
provided  in  the  cell. 

A  motor  assembly  is  installed  at  the  base  of  one  of  the  support  uprights 
of  the  positioner  frame  using  a  gear  reduction  and  tape  drive  system  to  move 
the  mast  trolley.  The  tape  used  is  plastic  banding  material  which  does  not 
stretch  appreciably  and  is  very  durable.  It  was  determined  that  moving  the 
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Figure  6.  The  E-probe  and  support  bracket  with 

carbon-filled  (semiconductor)  signal  lines. 


Figure  7.  The  B  dot  probe  and  support  bracket. 


trolley  at  a  slow  constant  speed  rather  than  stopping  and  starting  gave 
much  more  accurate  measurements .  This  was  due  to  the  springiness  of  the 
mast.  With  the  system  used,  the  trolley  moves  at  a  speed  of  8.48  centimeters- 
per-second.  Position  is  indicated  to  the  computer  using  the  microswitch 
system  described  previously.  There  are  six  probes  on  the  mast  which  makes  a 
total  of  seven  voltages  that  the  computer  must  recognize  and  measure  for 
each  data  point.  Data  points  are  every  ten  centimeters,  or  approximately  one 
data  point  every  1.8  seconds.  Since  the  computer  requires  a  very  small 
fraction  of  this  time  to  make  the  required  measurements,  the  amount  of  error 
is  nearly  negligible.  The  error  that  does  exist  can  be  accounted  for  in  the 
data  uncertainties. 

Figure  8  is  a  system  block  diagram  of  the  test  setup.  The  Hewlett- 
Packard  9825  Microcomputer  is  utilized  to  control  the  operation  and  the 
Hewlett-Packard  Interface  Bus  is  used  throughout  the  system.  Complete 
analysis  of  the  computer  system  would  serve  no  purpose  here  as  it  is  the 
subject  of  another  report,  as  is  the  resulting  data. 

Design  and  construction  of  a  low  interference  probe  positioner  is 
feasible.  There  is  considerable  demand  for  such  devices  in  the  field  of 
electromagnetic  research  and  several  proposals  for  its  utilization  already 
exist. 
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APPENDIX  D 


ANALYTICAL  DERIVATION  OF  THE  ATERTURE  DISTRIBUTION  MODEL 

The  E-field  aperture  distribution  used  for  the  theoretical  model  is  the 
waveguide  TEqi,  i.e.,  the  E-field  is  described  using  a  quadratic  phase  term 
and  a  cosine  amplitude  term.  This  aperture  distribution  is  used  with  vector 
Smythe-Kirchhof f  formula  for  diffraction  to  develop  the  spatial  representa¬ 
tion  of  the  radiated  E-field.  The  vector  Smythe-Kirchhof f  is  given  in 
equation  (D-l) , 

~  -jkR 

E(x,y,z)  *  y^-Vx  J(nXi)  ~  da'  .  (D-l) 

Aper 

Figure  1  shows  the  horn  geometry  and  aperture  associated  coordinate  system. 


Figure  1.  Geometry  and  Coordinate  System  of  UHF  Pyramidal  Horn. 
The  TEqi  Waveguide  E-field  distribution  is  given  by  equation  (D-2). 


S(x,y,0)  =  Eq  cos  ^  exp  -jk  Uy  . 


(D-2) 


Let  n  =  U  then: 
z 


nXE  ■  -U  E  cos 
x  o 


The  relationship  of  R,  r,  r ' „  and  z  are  shown  in  figure  2. 
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•/<wm 


a  b 
2  “  2 


exp 


-  («2  +  (*-*•)*  +  (y-y’>2)1/2)] 

(z2  +  (x-x’)iT  (y-y')2)1^2 


dx'dy 1 


(D-A) 


Let  A  »  lT  cos - exp 

X  8 


[-*  k 

jz2  +  (x-x')2  +  (y-y1)2]1/2  . 

If  K  *  cos  ~~  exp  [-jk  (f/  +  f^)] 

then  substituting  K  in  equation  (D-5)  yields: 

?  f,  K  exp  [ -jk(z2  +  (x-x*)2  +  (y-y')2> 

A  "  Ux  "[*2  +  (x-x') 2  +  (y-y')*]1/* 


+  -  (z2  +  (x-x’)2  +  (y-y')2)1/2 

1  E 


*)] 


(D-5) 

(D-6) 


(D-7) 
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Therefore: 


3A  3A 

“?  A 

L  tt  _  , _ 

y  3y  * 


VxX  -  yp  U_  -  U_ 


(D-8) 


and 


3A  ..  -jkR  v  -jkR 

_ x  v  jka  eJ  Kze"1 

3a  "  K  r2  P 


' (D-9) 


and 


3Ax  Ke^ kRj  k(y-y 1 ) 


3y 


R2 


K(y-y')ijkR 

R3 


0>-io) 


Thus 


Vx  A  -  K 


[’,  ( 


jkR  -jkR' 
jkaeJ  aeJ 


•rT 


R3 


■V 


„  /^(y~y,)e^kR  _  jkCy-y1)^^ 
z  \  R3  I? /J 


(D-ll) 


The  curl  is  taken  inside  the  integral  by  the  application  of  the  Leibnitz  rule. 
E 


E(x,y,z)  -  -  ~  JJvx Adx'dy* 


(D-12) 


Substituting  VXA  into  equation  (D-12)  and  taking  the  negative  sign  inside 
yields: 


E(x,y,z) 


E 

o 

2TT 


a/2  b/2 


x'=-a/2  y '=-b/2 


+ 


dx'dy' 


(D-13) 


where 


R  •  [a2  +  (x  -  x')2  +  (y  -  y')2J  1 ,  (D-14) 

R'  =  jkRy  -  y  -  jkRy’  +  yf  =  (y  -  y’)  +  j(kRy  -  kRy')  ,  (D-15) 
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(D-26) 


B3  «  R3 


Bi*  »  (y  -  y')  kR  . 


(D-27) 


Substituting  these  expressions  into  equation  (D-20)  produces 


a/2  b/a 


E<x,y,z)  -  2i  Uy  J  J  f;  [*1  -  kRB2 

x'=-a/2  y'“-b/2 

a/2  b/2  _ 

-if  f  (B2  +  dx'dy’ 

x'=-a/2  y’=b/2  '  ' 


2^  dx’dy' 


“  a/2  b/2 

•S®,  /  /  [-»!  + 

-x'=-a/2  y'=-b/2 

a/2  b/2 

+  j  /  /  j  B2  +  kRBx  dx’dy'  . 

x'=-a/2  y'=-b/2  ' 


For  further  simplification  the  following  functions  are  defined: 


F>  -2%  (B1  -  “““2) 

2  '  "  25i7  (B2  *  “'j) 

3  '  (^)  [-*,  *  “J 
■*  '  (Vsf)  [B2  +  ““l] 


(D-28) 


(D-29) 


(D-30) 


(D-31) 


(D-32) 
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Substituting  the  above  functions  into  equation  (D-28) ,  one  obtains 


-y«z)  -  K I  "y  If  Fi  dx'dy' +  j  II 

j  Aper  Aper 

+  Uz  fj  F3  dx'dy’  +  j  JJ  I 
Aper  Aper 


F2  dx’dy 


(D-33) 


Using  the  following  relationship  for  the  magnetic  field  the  expression  for 
the  theoretical  H  field  is  developed. 


w  =  J— 


/  3E  3E  \  /-3E  \  /-3E  \ 

[jf  -  if)  °x  i  *r)  "y  *(i?)  \ 


(D-34) 


Rearranging  equation  (D-13)  and  substituting  the  values  for  K*  and  R  yields 


(D-35) 


■hlf 


cos  e~jkB(y,’  -  v)  (1  -  jkR)  ,  , 

a  R3 


(D-36) 


where 


R  =  [z2  +  (x  -  x’)2  +  (y  -  y')2]l/2 

x  i  2  v  »  2 

B  “  YT +  hr  ~ R  • 


(D-37) 


(D-38) 


Taking  the  partial  derivative  of  E^  with  respect  to  y  produces 
3E  Err  ,  -jkB  f  /  _  ,  \ 

i)y~  ~  2^  J  J  cos  ~a  ~  r^  (y-y’>2  (k2  -  R2  +  J3r)+  dx,dy'  • 

y  Aper  L  v  ’  J  <D-39) 
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Similarly, 


3E  EQ 

■5—^  *  ~ 

3z  2  n 


.  -JkB 
irx'  e  J 


RT"  z2^-2  ~  p  +  1_JkR  dx'dy’ 


(D-40) 


3e  e  rr  .  -jkB 

_ z  oil  ux1  e  J 

3x  *  2ir  J  J  C0S  a  R3 
Aper 


(y-y’>  <x-x->  (k’-j*  dx'dy'  CD-41) 


9i.fo  ff 
3x  "  2*  J  J 


irx'  •'*“ 

cos - 5—  z 

a  p J 


(x-x*>  (k2--p-  +  ^f~)  d*'dy’  •  0>-4 


From  equation  (D-24)  the  expression  for  the  horizontal  component  of  the 
magnetic  field  (H  )  is 


3E  3E 

H  *  -L  — 2. - 

x  wp  3y  32 


(D-43) 


Substituting  equations  (D-39)  and  (D-40)  into  equation  (D-43)  yields 


H  = 

X  2TT0H1 


m{ff  008  't+3jt)  <y-y">!  - 


-^l-jkR^|  dx'dy . 


Where  the  vertical  magnetic  field  (H^)  is 


(D-44) 


y  (iip  3x 


(D-45) 


Then, 


je0  rr  ux'  e-jkB 

V  2^  JJ  C0S““P- 


(y-y’)  (x-x')  ^k2  -|2+^  dx'dy'.  (D-46) 


79 


From  equation  (D-34)  the  radial  magnetic  field  (H  )  is 

z 

H 

2  Up  \ 3x  /  •  (D-47) 

Using  equation  (D-42)  with  (D-47)  gives 

Hz  *  //  cos  ~~  ~r  z  ')  (k2  - 

Aper  R  X 


h  +  m) 

R  / 


dx'dy' 


(D-48) 


Equations  (D-35),  (D-36).  (D-44),  (D-46) ,  and  (D-48) 
predicted  by  the  aperture  model. 


represent  the  EM  fields 


APPENDIX  E 


EXPERIMENTAL  DETERMINATION  OF  THE  ELECTROMAGNETIC  FIELD  IN  THE 
NEAR-ZONE  OF  A  HIGH  POWER  UHF  PYRAMIDAL  HORN  ANTENNA 


This  entire  appendix  appeared  as  a  paper  in  the  Proceedings  of  IEEE 
Southeastcon  1981',  pages  503-507,  Thomas  H.  Shumpert,  Thomas  A.  Blalock  and 
George  R.  Edlin. 
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EXPERIMENTAL  DETERMINATION  OF  THE  ELECTROMAGNETIC  FIELD  IN  THE 
NEAR-ZONE  OF  A  HIGH  POWER  UHF  PYRAMIDAL  HORN  ANTENNA 


ABSTRACT 

The  far  zone  characteristic  (directive  gain,  main  lobe  beamwidth,  side 
lobe  structure,  etc.)  of  pyramidal  horn  antennas  are  fairly  well-known  and, 
for  the  most  part,  easily  predictable.  However,  as  the  observation  point 
moves  within  the  'so-called"  far  zone  boundary  (often  taken  to  be  2D^/X), 
predicting  the  radiated  field  characteristics  becomes  much  more  difficult. 
This  paper  presents  preliminary  results  of  an  intensive  effort  utilizing 
electrically  small  electric  (dipoles)  and  magnetic  (loops)  probes  to  map  the 
field  in  the  region  immediately  in  front  of  a  high  power  UHF  pyramidal  horn 
antenna.  The  measured  values  are  compared  with  values  obtained  from  a 
theoretical  model.  Application  of  these  data  to  electromagnetic  hazard 
considerations  are  discussed. 

INTRODUCTION 

In  the  area  of  testing  for  electromagnetic  radiation  hazards  (EMRH), 
electromagnetic  compatibility  (EMC),  electromagnetic  interference  (EMI), 
accurate  knowledge  of  the  electromagnetic  (EM)  field  into  which  the  tesc 
item  (or  system)  is  to  be  immersed  is  of  essential  importance.  Most  common 
tests  of  these  types  include  several  apriori  assumptions.  First,  the  test 
item  does  not  interfere  (couple)  with  the  mechanism  for  producing  and 
maintaining  the  EM  field  environment,  i.e.,  the  radiating  antenna  structure, 
the  parallel  plate  transmission  line,  the  anechoic  chamber  walls,  etc. 

Second,  the  impinging  EM  field  is  commonly  assumed  to  be  planar  and  uniform 
(true  plane  waves  do  not  fall  off  with  distance  from  the  source).  Third,  the 
Eli  environment  is  accurately  calibrated  at  various  amplitude  levels  and 
predetermined  frequencies  of  interest.  Although  the  assumptions  are  usually 
dismissed  as  routine  and  well  understood,  the  test  engineer  in  EMRH,  EMC, 
and  EMI  work  is  (or  should  be)  all  too  familiar  with  the  severe  problems 
that  arise  upon  violation  of  any  of  these  simplifying  statements.  As 
expected,  these  assumptions  apply  quite  well  when  the  test  item  is  suffi¬ 
ciently  removed  from  the  EM  source  (i.e.,  the  test  item  is  truly  in  the  far 
zone  of  the  EM  source  structure.)  However,  this  "sufficient"  separation  is 
all  too  often  compromised  in  actual  test  configurations.  However,  these 
compromises  are  not  made  out  of  ignorance  or  stupidity  but  are  rather  forced 
on  the  test  engineer  out  of  real  necessity.  Such  considerations  as  limited 
real  estate,  limited  radiating  power,  and  large  test  items  contribute  signi¬ 
ficantly  to  this  problem. 

The  purpose  of  this  paper  is  to  discuss  measurement  techniques  and 
results  of  the  application  of  these  techniques  to  the  situations  in  which  or.e 
or  more  of  these  assumptions  must  be  compromised.  Specifically,  this  paper 
addresses  the  experimental  determination  of  the  EM  field  environment  in  the 
immediate  region  in  front  of  a  high  power  UHF  pyramidal  horn  antenna. 

UHF  HORN  CHARACTERISTIC 

The  specific  horn  antenna  which  is  addressed  in  this  paper  is  presently 
in  use  at  the  US  Army  Missile  Command  (MICOM)  EM  and  Nuclear  Effects  facility 
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at  Redstone  Arsen.  1 ,  AL.  The  horn  Is  of  a  similar  design  to  commercially 
available  standard  gain  horns  such  as  those  supplied  by  the  Narda  Microwave 
Corporation  or  Scientific  Atlanta.  It  is  constructed  of  sheet  aluminum  with 
all  seams  formed  with  a  heli-arc  technique.  The  aperture  dimensions  are 
2.44m  by  1.8m  and  the  overall  f eed-to-aperture  dimension  is  approximately  4m. 
This  antenna  is  designed  to  operate  in  the  fundamental  TEqi  mode  radiation 
pattern  over  the  UHF  frequency  range  from  300  MHz  to  550  MHz.  The  feed 
mechanism  is  coaxial- to-waveguide  adapter  with  a  "tear-shaped"  stub  for 
better  broadband  operation.  The  horn  is  mounted  such  that  its  center  line  is 
located  approximately  4.6m  (15  feet)  above  the  ground,  and  it  is  oriented  for 
vertical  electric  field  polarization.  The  electric  field  pattern  is  the 
standard  gain  horn  pattern  with  E  and  H  plane  3dB  beamwidths  of  approximately 
22°.  The  nominal  gain  over  the  recommended  band  of  operation  is  18dB. 

ANALYTICAL  MODEL 

For  purposes  of  analyzing  and  comparing  the  measured  EM  fields  with 
predicted  values,  a  rather  simple  analytical  model  of  this  horn  was  developed 
for  calculating  the  radiating  properties.  Figure  1  is  a  sketch  of  the  horn 
geometry  with  the  associated  coordinate  system. 


Figure  1.  Geometry  of  UHF  pyramidal  horn  antenna  and  associated 
dimensions  and  coordinate  system. 

The  radiation  model  assumes  a  fairly  simple  aperture  distribution  as  defined 
below 


E(x',y')  »  u  EQ  cos(-^-)  exptjk  (^j—  +  )  ]  .  (1) 

H  E 


This  may  be  recognized  as  the  TEq^  mode  amplitude  distribution  with  a  quad- 

1  2 

ratic  phase  term.  Several  investigators  ’  have  utilized  this  type  of 
aperture  function  successfully.  The  radiated  electric  field  intensity  is 
then  given  by 
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a/2  b/2 

E^(x,y,z)  =  J'  J  cos  (^~)  exp  (-jkb)z  . 
-a/2  -b/2 

(1-jkR)  -4  dx'dy' 

R3 

a/2  b/2 

E  (x,y,z)  »  f  f  cos  )  exp  (-jkb) 
z  J  J  a 

-a/2  -b/2 

(y-y')  (1-jkR)  -i  Jx'dy* 

RJ 


where 


«  *  2  v  * 

b  =  -j; —  +  - R  . 

H  E 


(5) 


Substitution  of  equations  (4) -(6)  into  Maxwell's  equations  yields  the 
corresponding  magnetic  field  components.  Equations  (4)-(6)  and  the 
corresponding  ones  for  the  magnetic  field  components  were  evaluated 
numerically.  The  results  of  these  calculations  and  their  comparisons  to 
measured  data  are  discussed  in  a  later  paragraph. 


NEAR-FIELD  MEASUREMENT  TECHNIQUES 


In  orc_i  to  map  (measure)  the  EM  field  in  the  inroediate  vicinity  of  this 
UHF  pyramidal  horn,  several  pieces  of  experimental  equipment  Mere  developed. 
Probably  the  most  important  development  was  the  fabrication  of  electric  and 
magnetic  probes.  These  probes  are  electrically  small,  diode-loaded  dipoles 
and  loops.  Their  general  design  has  been  discussed  in  several  National 
Bureau  of  Standards  technical  reports^*  .  The  specific  probes  utilised  in 
this  effort  are  discussed  In  great  detail  in  another  technical  paper  in 
this  same  meeting^.  For  this  discussion,  it  is  sufficient  to  describe  them 
as  electrically  small,  field-type  selective,  polarization  selective,  and  of 
non-perturbing  design  and  construction.  The  electric  and  magnetic  probes 
were  mounted  on  a  moveable  carriage  which  was  computer  controlled.  Measure¬ 
ments  from  each  of  these  probes  was  obtained  at  points  in  a  symmetric  volume 
located  directly  in  front  of  the  horn  antenna.  With  reference  to  the 
coordinate  system  of  the  model,  this  volume  occupied  the  space  defined  by 
the  coordinates:  -1.5^x<_1.5,  -1.2  ^y^  1.2,  0  ^  r  ^  4 .6.  Resolution 
of  these  spatial  variations  was  0.1m.  All  probe  outputs  were  fed  into  the 
computer  controlled  data  acquisition  system,  and  the  actual  measured  results, 
the  corresponding  physical  locations,  and  the  field  component  type  and 
orientation  were  stored  together  on  a  magnetic  disk.  The  moveable  carriage 
was  constructed  almost  entirely  of  polyvinyl  chloride  (TVC)  pipes.  The 
actual  probes  and  associated  circuit  components  were  mounted  on  low-loss  "G- 
10"  dielectric  sheets.  All  electrical  leads  from  the  probes  to  the  monitoring 
voltmeters  were  high  resistance  (carbon-filled)  lines  to  minimize  their 
interaction  with  the  field  to  be  measured.  This  measurement  technique 
produced  a  set  of  six  fundamental  quantities  (the  rms  magnitude  of  E^, 

E  ,  H  ,  H  ,  H  )  at  each  of  the  36,425  unique  spatial  locations  contained 
z  x  y  z 

within  this  previously  defined  test  volume.  Preliminary  results  gleaned  from 
this  large  mass  of  data  are  presented  in  the  following  paragraph. 

PRELIMINARY  ANALYTICAL  AND  EXPERIMENTAL  RESULTS 


As  was  pointed  out  in  the  introductory  paragraph,  measurement  or 
analytical  prediction  of  the  EM  field  in  the  region  far  removed  from  the 
source  is  quite  straightforward.  Near  zone  measurements  and  predictions 
usually  are  much  more  difficult.  However,  as  a  check  on  both  the  analytical 
and  experimental  techniques,  far  zone  fields  were  predicted  and  measured.  As 
expected,  these  predicted  and  measured  fields  were  in  very  close  agreement. 
Gain,  E  and  H  plane  beamwidths,  and  i  spatial  variations  were  very  close  to 

those  previously  predicted  for  horn  antennas  of  this  type.  Consequently,  all 
of  the  results  discussed  here  will  be  near-zone  analytical  predictions  and 
measurements.  Furthermore  all  predictions  and  measurements  were  performed 
at  400  MHz. 

Since  it  was  assumed  in  the  analytical  model  that  the  aperture  distribu¬ 
tion  was  of  the  TEq^  amplitude  variation,  an  interesting  plane  fcr  measured 
observation  is  near  the  actual  horn  aperture  (the  zM0  plane) .  Figure  2 
presents  both  the  measured  and  predicted  vertical  electric  field  amplitude 
(rms  |Eyj)  as  a  function  of  x  for  a  constant  value  of  y  and  z  (y**0,  z*0.1). 

All  analytical  data  has  been  amplitude  normalized  to  match  the  average  value 
of  the  measured  data  on  the  aperture  center  line  (x*0,  y“0) .  As  can  be  seen. 
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this  variation  is  indeed  the  expected  cosinusoidal  distribution.  Figure  3 
presents  similar  data  for  the  horizontal  magnetic  field  amplitude  (rms  |Hx|). 
This  also  displays  the  expected  cosinusoidal  variation  with  x.  Due  to  space 
limitations,  the  variations  of  these  important  aperture  fields  with  y  are 
not  shown.  However,  both  the  analytical  and  measured  curves  for  Ey  and  Hy 

vs.  y  show  the  expected  uniformity  of  the  assumed  TE^j  mode  distribution. 

Figures  4  and  5  present  identical  data  except  that  the  plane  of  observation 
has  been  moved  out  to  the  z*4.6  plane.  Here  as  expected,  the  plots  of  Ey 

and  Hx  show  the  typical  far-zone  variations,  i.e.,  consinusoidal  in  both  x 

and  y  variations  about  the  z-axis.  Plots  of  the  various  other  less  signifi¬ 
cant  field  components  as  a  function  of  x,  y,  or  z  have  been  made,  but  are 
not  included  due  to  space  limitations.  Figure  6  compares  the  measured 
vertical  electric  field  on  the  hern  axis  (x*0,  y*0)  with  both  the  predicted 

field  and  a  superimposed  i  fallout.  All  of  these  values  are  normalized  to 

r 

coincide  at  the  point  farthest  from  the  horn  (z=4.6).  It  is  interesting  and 
somewhat  disturbing  that  the  measured  field  does  not  exhibit  the  expected 
standing  wave  behavior  as  evidenced  in  the  daep  null  in  the  analytical 
results  near  Lhe  aperture.  This  discrepancy  continues  to  be  an  area  of 
investigation.  Finally,  a  plot  of  the  z-directed  wave  impedance  of  the 
radiated  EM  field  predicted  by  the  numerical  model  is  included.  It  demon¬ 
strates  the  expected  asymptotic  behavior  toward  377  ohms  as  the  observation 
point  recedes  from  the  aperture.  However,  its  unexpected  reversal  of  slope 
at  points  less  than  z  -  0.75  suggest  to  these  investigators  that  even  the 
numerical  model  probably  has  significant  deficiencies  within  a  wavelength  of 
the  aperture. 


CONCLUSIONS 


The  EM  field  in  the  near-zone  of  a  high-power  UHF  pyramidal  horn  antenna 
has  been  determined  both  experimentally  and  analytically.  The  preliminary 
results  suggest  that  the  techniques  employed  and  the  resulting  EM  field 
measurements  have  yielded  valuable  data  for  characterizing  the  near  field  of 
the  antenna.  Much  work  still  remains  in  analyzing  the  large  quantity  of 
experimental  data.  A  technical  report  presenting  the  complete  data  analysis 
will  be  available  in  the  near  future. 
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APPENDIX  F 


DERIVATION  OF  THE  MULTIPOLE  MODEL 


It  is  desirable  from  the  engineering  standpoint  to  have  simple  models 
which  can  be  used  to  predict  E  fields  in  the  near-cone  of  standard  gain  horn 
antennas.  Review  of  some  selected  references  (Stratton,  162;  Jackson,  136) 
suggests  that  complex  field  problems  can  he  solved  using  infinite  series 
expansion  techniques.  This  method  of  field  solution  utilises  the  super¬ 
position  of  the  so-called  dipole,  quadrupole,  octupole,  and  N  pole  terms, 
where  n  ■  4  to  ».  In  addition,  examination  of  the  measured  data  demonstrates 
that  the  classical  1/r  far  field  relationship  does  not  hold  close  to  the  horn 
aperture.  Thus  the  experimental  data  confirms  the  need  for  additional  terms. 
Therefore,  using  the  idea  of  the  series  expansion  and  truncating  it  at  the 
third  term,  one  has  terms  involving  1/r,  1/r2  and  1/r3.  By  incorporating  the 
appropriate  constants  with  each  of  the  terms,  we  have  the  dipole  (Aj/r), 
quadrupole  (A2/r2)  and  octupcle  (A3/r3)  terms.  Finally,  incorporating  the 
square  root  of  the  input  power  yields  a  model  that  can  also  relate  the  E  field 
to  the  input  power. 

The  assumed  form  for  the  multipole  model  is  given  as: 


The  constants  Aj,  A2  and  A3  are  determined  experimentally  using  measured  data. 
The  procedure  is  to  choose  three  different  distances  and  substitute  these 
values  along  with  the  corresponding  values  of  E  into  the  generalized  equation 
yielding  three  equations  with  three  unknowns,  which  can  then  be  easily  solved 
simultaneously  to  give  the  proper  values  for  Aj,  A2  and  A3.  These  values  can 
then  be  normalized  by  dividing  by  the  test  power  used  in  the  original  measure¬ 
ment.  The  final  equation  becomes: 


E 


+  -|^  jp  (Watts)  1/2 


(F-2) 


where 


E  -  E  field  (in  V/m) 

Ai,  A2,  A3  ■  antenna  constants 

r  *  distance  from  the  aperture  to  the  field  observation  point 
(in  meters) 

P  ■  power  to  the  antenna  (in  Watts). 

This  simplified  function  can  easily  be  programmed  into  a  hand-held  programma¬ 
ble  calculator  which  will  allow  the  determination  of  the  near-zone  E  field  at 
any  distance  from  the  aperture  greater  than  D^/4i.  The  normalized  equation 
for  the  300-500  MHz  test  horn  operating  at  400  MHz  is: 
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**v.  mi 


(P-3) 


This  simplified  equation  can  predict  the  field  amplitude  to  approximately 
±0.5  dB  across  the  entire  band  of  the  horn  antenna.  If  greater  accuracy  is 
required,  the  field  must  be  carefully  measured  using  calibrated  probes.  This 
model  does  not  predict  the  E  field  at  all  frequencies.  It  is  limited  to  the 
frequency  range  for  which  it  is  developed. 
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APPENDIX  G 


DEVELOPMENT  OF  THE  ENGINEERING  MODEL 
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APPENDIX  G 


DEVELOPMENT  OF  THE  ENGINEERING  MODEL 

The  engineering  model  is  developed  utilising  the  following  methodology. 

The  measured  data  is  read  at  2D2/X,  D2/X,  D2/2X,  and  D2/AX.  Tht 
equivalent  far  field  gain  is  calculated  and  the  effective  gain  plotted  versus 
distance. 

Observation  of  this  graph  suggests  that  the  gain  reduction  in  the  near- 
sone  would  fit  an  exponential  decay  curve  of  the  form: 

GnX  -  G  |l  -  exp  t-ar/(2D2/X)]}  (G-l) 

where 

G^  ■  wavelength  dependent  near-sone  corrected  numerical  gain 
G  ■  far  field  numerical  gain 

D  *  largest  dimension  of  the  aperture  (in  meters) 

X  -  wavelength  (in  meters) 

a  •  gain  attenuation  constant. 

For  the  horn  utilised  in  this  experiment,  the  approximate  value  for  G  is 
58. 8.  Substituting  into  Eq.  (G-l),  one  obtains 

GnA  -  58.8  |  1  -  exp  (-or/(2D2/X) ] }  (G-2) 

when 

r  -  D2/X  ,  Gnx  -  51-3  ,  a  -  3.86 

r  -  D2/2X  ,  G^  -  39.5  ,  a  -  A. 30  . 

From  the  above  calculations  using  the  measured  data  and  equation  (G-2) ,  one 
observes  that  a  ■  A  is  a  good  choice  for  the  gain  attenuation  constant. 
Putting  this  value  into  equation  (G-2)  produces: 

GnA  -  58.8  |  1  -  exp  [-Ar/(2D2/X)]|  .  (G-3) 

This  equation  for  the  corrected  near-field  gain  may  be  utilized  in  the 
standard  far  field  formula.  The  following  is  the  standard  formula  for  the 
far  field  power  density: 

Pd  "  GTPT/4lir  (G-A) 


where 


P,  ■  power  deneity  (in  Watts/m  ) 

U 

Gt  -  numerictl  gain  of  the  transmitting  antennr 

PT  ■  power  of  the  transmitter  (in  Watts) 

r  ■  distance  from  the  antenna  (in  meters). 

The  following  is  the  relationship  between  the  F.  field  and  the  power  density: 

E  -  (?d377)1/2  (G'5) 

where  377  is  the  free  space  wave  impedance. 

To  develop  the  final  form,  the  expression  for  substituted  into 

equation  (G-4) .  This  expression  for  P.  with  the  corrected  gain  is  substi¬ 
tuted  into  equation  (G-5) .  This  result  gives  the  complete  expression  for  E 
in  the  near-sone,  as  shown  in  equation  (G-6) : 

i  -  ‘rirHrfm  1 

4*r*  J  T 


1/2 


(G-6) 
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APPENDIX  H 


MEASURED  FIELD  DATA  (VERTICAL  ELECTRIC  FIELD  ONLY) 

This  appendix  contains  a  complete  sat  of  vertical  E  field  data.  The 
remaining  five  orthogonal  components  are  not  included  due  to  the  large 
volume  of  data.  All  components  were  measured  with  polarisation  selective, 
nonperturbing  E  and  H  field  probes.  These  probes  are  described  in  detail  in 
Appendix  B.  These  electric  and  magnetic  probes  were  mounted  on  a  computer- 
controlled  carriage  which  permitted  a  apace  of  3  meters  x  2. A  meters  x  A. 8 
meters  to  be  covered  with  a  resolution  of  10  cm.  The  following  coordinate 
system  defines  the  rectangular  parallelopiped  mapped:  -1.5  <  X<1.5,  -1.2  < 

Y  1.2,  0  <_  Z  <  4.8  (Figure  1). 

The  data  are  identified  by  the  type  E  or  R  and  by  the  spaclflc  component, 
i.e.,  radial,  horlsontal  or  vertical.  At  the  beginning  of  each  set  of  data, 
'the  position  of  the  probe  is  given.  For  example,  df  the  top  probe  position 
is  11  and  one  wishes  to  see  the  centerline  data,  the  probe  output  to  observe 
is  Probe  4  which  is  at  y  »  -1,  as  shown  in  Figure  2.  Any  desired  vertical 
position  relative  to  the  center  line  of  the  horn  can  be  identified  by  using 
Figure  2.  Appendix  C  describes  the  probe  positioner  in  detail. 


DATA  IDENTIFICATION  NUMBERS  FOR  Y 


Figure  2.  Vertical  position  of  the  magnetic  and  electric  field  probes  relative  to  the  born 
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5.98! 

38.840 

8,808 

35.495 

11.142 

33,373 

12,817 

12,883 

13.219 

33.163 

13.466 

32.569 

14.121 
15. <56 
\k.m 

16.814 

16.575 

18.  m 

19,824 

21.186 

B:» 

KB 

21 .517 
21.385 

m 

f.m 

19.556 

19.789 

19.112 
18.623 
18.545 
16.351 

18.115 
17.762 

18.115 
16.584 
18.154 

i  vs 

17.328 

16.814 

17.112 
17.368 
18.271 
18.467 

18.115 
18.232 
18.176 
17.762 
17.191 


.Hi ,  0  /  1 

33.348 
34  463 
34.161 
32.639 
32.311 
33.163 
32.988 
31 ,492 
31.141 

B:» 

28.  m 
28.232 
27.849 


8131 

13,805 

43.384 

45.953 

47, 219 

8:8! 

45.879 

44.413 

43.811 

42.759 

41.459 

38,993 

39.163 

39.271 

38.126 

36.43S 


36.779 

37.159 

sb 


P 141 

WH 

44.995 
42.722 
*1.439 
48.  m 
3V.985 
39.878 
40.671 
41.661 
41.211 
41.439 
42.261 
43.446 
43.213 
42.261 

8:58 

42.448 

41.883 

!i:!U 


9(31 

8:18 
47.265 
48.281 
30. 1H 


43,818 

44.338 

42.311 

41.661 

m 

37.948 

36.767 

W 8 

36.181 

35.619 

ftil 


SB 

S:  58 

SB 

m 

35.747 

35.161 

8:18 

Bft 

25.954 

34.132 

38,397 

33,11? 

31.978 

25.742 

13.175 

37.257 

25,175 

32.969 

36.311 

25.114 

32.694 

33.894 

25.494 

32.969 

25.691 

il.81o 

25.671 

33.116 

35.826 

22.J84 

25.998 

33.243 

35.962 

37.336 

31.911 

25.388 

12.454 

35.084 

25.168 

31.322 

33.807 

M.I67 

25.281 

30.531 

13.. *3 

30.382 

25,388 

29,911 

38.969 

29.335 

24.783 

29  152 

32.063 

28  128 

24.497 

28.841 

21.660 

27.527 

24.961 

29.186 

11 .593 

27.494 

24.997 

24.854 

29.4V? 

.2*7.186 

31,593 

31.222 

24.391 

28.564 

31.154 

rt;.35t 

24.131 

28.666 

31.615 

21.219 

24.031 

28.148 

89.914 

2t;.l8f 

23.671 

27.767 

29.156 

27.626 

23.273 

26,932 

28.472 

27.138 

**j>»»UUUUWWMWWUNnlMr4Nnil«MAW< 


1.14 

-2.44 

12.44 

4.44 

2.41 

•2.4# 

8.44 

4 .11 

3.41 

-2.44 

4.44 

4  14 

4.44 

2.41 

1.44 

1  44 

5.41 

•2.44 

-4.44 

1,44 

4.44 

-2.44 

•8.44 

1.14 

I 


MU 

MR 

11.434 

13.137 
1*124 

14.138 

m 

14.774 

17.345 

IMS 

8:S 

21.382 
21  Ml 

i!:R 

21.474 

21.811 


17.717 

17.573 

17.245 

17.747 

17.477 

18.387 

17.841 

18.351 

!!:$ 

17.877 

18.154 

8:18 

.733 


M21 
48.M7 
34.  m 
32.747 
13.583 
34,428 
31.114 

8151 

8:8 
33  773 
32.744 

O  MM 


33.478 

32.335 

31.353 

?4:8i 

28.581 

28.447 

8:8 


8:8  8:8 


24.834 

27.181 


27.115 

1:82 

25.457 

25.771 

24.413 

24.272 

24.241 

24.377 

3:81 


M3I 

M4I 

Mil 

1*161 

48.372 

47,445 

51.3*3 

51  .•'M 

17.377 

18.914 

m 

47.432 

*M7? 

18,447 

34.7/1 

48.813 

14.252 

17.813 

32.831 

51.811 

V.524 

52.432 

32,526 

51.153 

*2.222 

432 

32.447 

14.172 

39.428 

SWH 

a.-» 

44.544 

14.324 

41.218 

12.753 

m 

42.482 

12.148 

13.618 

31.821 

37.515 

11.847 

11.428 

31.433 

12.411 

43.774 

14.764 

14.544 

m 

37.385 

14,371 

3V.478 

74.814 

37.  *4 

13.147 

38.413 

-4.244 

34.745 

34.442 

12.745 

43.437 

37.416 

37.173 

m 

28.244 

37.344 

13.175 

34.832 

34.874 

37.718 

42.791 

27.734 

m 

42.44$ 

41.437 

2:5 8 

27.143 

24.347 

35.742 

35.814 

19.38$ 

37.74? 

B:8 

m 

34.174 

41.241 

35.441 

24.254 

34.471 

14.244 

35.538 

24.367 

35.444 

37.842 

34.613 

25.753 

34.731 

37.477 

34.428 

25.434 

34.147 

33,447 

37.847 

34.437 

m 

32.747 

35.874 

32.141 

33.352 

35.762 

32.271 

33.723 
33.421 
32.844 
J1.74I 
31.112 
31.183 
27. 

27 
?7 


31.774 
35.728 
35.31:7 
34.781 

33.775 
13.174 
3;m 


32.427 

32.821 

32.477 
21.713 
34.871 
27.434 
7 


8:8 
25.157 
25.175 
25.347 
24.518 
3. 


vnmc#.  tlfCTtlC  FICll 
STMtTlNC  COORDINATES 


*  i 

* 

1.64 

*1 .44 

2.14 

III 

3.11 

-I.W 

*41 

1.11 

5.44 

-1.48 

6.41 

1.11 

pm 

6.157 

9.194 

II:?# 

14.121 

14.144 
13.875 
14,647 
14.454 

17.545 
17.722 
17.  919 

17.213 

21.145 
21.494 
g.j| 

21,582 

21.545 
21.999 

21.147 

21.213 
19.843 
IV. 477 

19.411 

19.411 
19.245 
18.818 

18.428 
18.154 

17.958 
17.879 
18.134 

17.958 
17,483 

17.348 
14.734 
17.249 

17.348 

17.811 
17.722 
17.919 
18.193 
18.584 
18.115 

17.811 


8121 
11,818 
37  382 


34.744 

34.428 

33.443 
3J.4V8 

34.959 
35.538 
34  475 
32.953 

32.744 

33.443 

32.744 
31.431 
31.554 
29.421 
28.474 
27.849 
27.988 
27.789 
24.799 

25.998 
25.884 
26.589 
27.228 
26.58V 
26.144 

25.423 
25  211 

25.317 

25.423 

25.998 
25.778 
25.813 
20.531 

25.211 
24.533 
24.641 
24,497 

24.175 

24.318 
24.246 
24.282 
24.143 
23.599 


PI3I 

18.469 

48.164 

47.747 


51.317 
31.445 
46.957 
44.378 
44.116 
44. N9 
42.118 
39.271 

i5:8! 

39.197 

17.642 

36.161 

34.243 

36.676 

36,883 

34.617 

14.435 

35.541 

14.992 

34.649 

15.195 

35.341 

14.615 

33.997 

33.175 

32.489 

12.434 

32.557 

12.557 

32.424 
31.423 
34.743 
29.532 
28.979 
28.534 
28.564 
28.945 
28.875 
28.846 
28,495 

28.148 
27.419 


1*1*1 
55.046 
31. 96.'. 


43.915 

42.714 

41.328 

39.344 

38.341 
48.421 
41.387 
11.085 
41.779 

43.719 

43.459 

m 

42.149 
41.922 
41. *76 

14.998 

48.211 

37.349 

39. 462 
3M33 
39.J49 
38.46 
.7.644 

36.443 
35.484 
34.684 
34.882 
15.217 
35.454 

34.344 

33.841 
32.833 

32.463 
31.256 
31.488 
34.683 

54.412 
29.972 
29.836 

29.463 
20.746 


71  >1 

40.784 

48.775 

m 

?!:!?? 

48.739 

46.854 

45.154 

44.811 

43.211 
48.724 

m 

39.841 

17.915 

2:18 

36.44? 

34.831 

34.211 
3S.8U5 
’■4.939 
34.844 
.•4.461 
34.288 
34.385 

33.747 

33.344 

32.441 
31.685 
31.197 
31.555 

32.443 
32.271 
31.437 
34.512 
29.414 
20.515 
27.492 
27.427 
27.36(1 
£7.626 
27.593 
27.564 
27.824 
27.328 


pm 

14.175 

37.341 

34.689 


32.644 

32.447 

31.588 


11:18 

*S 

m 

38.892 

38.431 


28.715 

28.133 

27.428 

26.841 
26.254 
75.654 

25.441 
25.233 
25.498 
2*...  M2 
25.446 
25.195 
24.282 
23. 3  A 
22.864 

23.442 
24.J96 
24.015 
24.815 
24.015 
24.741 
23.862 

23.442 

23.214 
23.287 
22.94? 
22.594 
22.825 

23.133 

22.748 


VEK1ICAI  tLECTRIC  FIELD 
STAKTINfc  COORDINATES 
PROK  I 
1,06 
2. ft 
3,00 
(.00 
5,00 
6.00 


PHI 

5.716 

8.722 

10,511 

12.766 

14.160 

14.283 
13.711 

14.211 
15,536 
16.893 
17,525 
18.351 

19.283 
19.322 
19.901 
21.150 
21.810 
22.074 

21,127 
20.745 
21.088 
21.165 
20.630 
19.709 
19.012 
18.545 
18.193 
18.115 
18.350 
18.310 
17.72? 

17.447 
17.328 

16.814 
17.051 
17.051 
17.407 
17.486 

17.447 

17.131 

17.210 

17.131 
16,774 
17.249 

17.447 
17.644 
17,722 


PI21 

40,462 

36.649 

33.899 

33,198 

33,513 

33,433 

33,058 

33.268 

33.633 

34,145 

33.934 

33.373 

32.779 

31.666 

30.591 

30.453 

30,279 

29.482 

27,84? 

26,694 

26.518 

26.834 

26,553 

25.671 

25.352 

24.926 

24,890 

25.210 
25.565 

25.281 
25.032 

24.282 
24.318 

24.211 

24.676 
25,104 
25,494 

25,210 
24.961 

24.282 
23,959 
23,346 

23.273 
23,346 
23,237 

23.273 

23,563 


PI31 
47,107 
16,175 
46.733 
16,126 
49.121 
40,44? 
16.138 
43,980 
43,009 
42, ul! 
40,775 
39.063 

37,676 
36.848 
36.263 

35.934 
35.816 
3S.404 
34.958 
34.718 
34,855 
35,473 
34.958 
34.066 
33.243 

32.935 
32.B32 
33.903 
33.517 
33,209 
32,249 
31,390 
30.840 
30,600 
30.668 

30,462 
30,324 
■50,221 
29,566 
28,772 
28,044 
27,973 
27.419 
27,280 
27,106 
27,141 
27.45-1 


PI4J 

52,478 

10,694 

14,955 

41,997 

10.416 
39.593 
38,866 
30,362 
38,781 
39.593 

40.128 

40.416 
40.561 

43.706 

48.706 
10,888 
41.587 
41.328 
10.236 
39.522 
39.878 
39,985 
39.344 
38.292 
37 . 360 
37.120 
37.017 
37.085 
36,948 
36,471 
35,118 
33.874 
33.304 
52,868 
32.801 
35.136 
33,405 
33,105 
32.432 
31.55? 
30,932 
29,938 

29,463 
28,716 
:'8,3l!0 
28.575 
28.403 


P151 
47.615 
45.843 
43.326 
46.431 
47.685 
48.035 
46.882 
45.189 
44.094 
42.839 
40.960 
39.862 
39.068 

38.211 
36.767 
36.244 
36.375 
36.015 
35.037 
34.6" 
35.004 

35.128 
34.613 

33.132 
32.629 
32.499 

32.564 
32.396 

32.694 

32.564 
31.848 
30.806 
30.251 
29.957 
29.597 
29.631 
29.728 
29.724 
29'.  270 
28.21? 
27.361 
26.931 
26.366 
25.999 
26,066 
26.432 
26.599 


40.21:6 

35.890 

32.565 

31.162 

30.584 

38. 1277 

30.354 

30.354 

30.507 

31.515 

30.239 

30.354 

31.277 

29. /42 

29.171 

28.677 

28.260 

27.814 
26.634 
25.915 
25.991 
25.839 
25.385 

24.815 
24.510 
24.205 
24.053 
24.167 
24.320 
24.205 
23.364 
22.335 

22.129 
22.100 
22.555 
22.864 
23,976 
24.310 

24.282 
23.823 
23.171 
22.825 
21.896 
21.331 
21.468 
21.896 
21.663 


P121 
39.412 
J6.214 
34.175 
3?, 988 
32.744 
42,988 
32.883 
33.3(3 
33.163 
32.883 
32.744 
33.128 
32.953 
31.11? 
29.586 
29.344 
29.725 
29.(66 
27.325 


26.125 

25,778 

25.423 

25,388 

24,926 

24.175 

24,282 

24,997 

25.104 

24.783 

24.497 

23.887 

24,139 

24,067 

24,139 

24,604 

24.854 

24,676 

24.354 

24.067 

23.310 

23.346 

22,910 

22.619 


813) 

Pt  41 

P15) 

15.144 

iv, 931 

44.948 

45,290 

46,748 

43,992 

46,360 

<3.876 

14.401 

47.596 

41.103 

45.636 

47.822 

39,451 

16.812 

47,294 

50,711 

46.639 

45.879 

38,467 

43.601 

44.2/0 

58.292 

44.372 

12 i 153 

3B.?58 

43.279 

40,775 

53.606 

41.461 

39.969 

39,203 

39.995 

39.132 

40.128 

39.431 

37.884 

40.308 

38 . 837 

35.816 

39.664 

37.422 

34.615 

39.168 

35.493 

34.615 

57.522 

35.169 

35.164 

40.561 

33.395 

34.923 

40.525 

35.330 

33.723 

39.133 

34.190 

33.312 

38,571 

33.507 

33.963 

38.781 

33.930 

34.477 

37.168 

34.320 

34.110 

38,711 

33.962 

33.689 

38,015 

33.052 

33,243 

37.222 

37.792 

32.317 

56.744 

32.141 

31.734 

35.894 

31.490 

31,940 

33.657 

31,164 

32.694 

36.030 

31 .750 

33.003 

56.131 

32.466 

32,180 

33,151 

37,076 

31.425 

34,143 

31.132 

30.565 

33,271 

30.751 

30,152 

32.633 

29,532 

29,566 

31,895 

29.566 

31,895 

28.518 

29.532 

32,366 

28.942 

29,366 

32.734 

29,237 

29,359 

32,432 

29.073 

20.579 

31 .761 

28,518 

28,218 

31.121 

27,791 

27,975 

30.27/ 

27,427 

27,489 

29.463 

76.732 

27.246 

28.746 

25.999 

27,002 

28.025 

75.B66 

P(6) 

38,581 

35.100 

32.565 

30.730 
30.200 
29.742 
2V.704 
30.2(0 
30.162 
29.856 
29.437 
29.780 
2V.S94 
29.437 
28.336 

27. 730 
27.655 
27.012 
25.802 
25.081 
24.929 
25.  M5 
24.979 
24.510 
24.358 

24.129 
23.440 
23.171 
23.440 
23.823 
23.670 
22.702 
22.323 

22.129 
21.974 
22.168 
23.171 
24.033 
23.938 
23.594 
23,'ji7 
23.075 
22.478 
21.507 
21.390 


vekiicw.  electric  rinn 

STAKTINO  COORDINATES 

prude  o 

til 

2,81 

3.11 
4.81 
V 18 

6.11 


y 

12,09 

o‘oo 

9,00 

jn 

4.10 

8.88 

0.00 

8.90 

4.10 

0.06 

-8.10 

8.00 

Z 

Pill 

1.080 

5.539 

lilt 

8.033 

0.210 

7.620 

1.300 

11.268 

0.400 

12,870 

0.300 

13,166 

0.610 

14.160 

0.780 

14.211 

0.880 

14.323 

8,000 

11.972 

1,000 

16.575 

1.188 

18.350 

1,280 

19.051 

1,308 

18.662 

1.400 

18.19.} 

1.503 

19.128 

1.600 

20.132 

1  708 

20,5*2 

1.860 

20.24? 

i.yoo 

19.7H6 

2.080 

17.670 

2.100 

17.283 

2.200 

18.856 

2.300 

18.779 

2.400 

18, 7^9 

2.500 

17,80! 

2.600 

17,012 

2.70!) 

16.456 

2.880 

17.051 

2.900 

17.051 

3.000 

17.071 

3,100 

16.814 

3.200 

16.893 

3.300 

16.496 

3.400 

13.777 

3.500 

15.817 

3.690 

16.177 

3.700 

16.217 

3.880 

16.655 

3.900 

17,091 

4.000 

16.733 

4.100 

16.893 

4.280 

17,091 

4.300 

17.210 

4.400 

16,873 

4.500 

16,496 

4.610 

16.814 

PI21 

Ptil 

37.419 

43, 401 

55,102 

44.161 

33.128 

45.408 

52.126 

16  435 

31.907 

16.733 

52,  IP 

4j.ult 

32.508 

44.596 

32.741 

47,97! 

32.197 

1!  0*2 

51.760 

39  132 

31.839 

18  548 

J2.221 

38  022 

32.291 

36.996 

3S.2'?9 

33.161 

28.586 

'33.635 

28,476 

32  75'/ 

28.719 

3\022 

2''.  71? 

'•'k  r‘ 

32.537 

25.330 

52.4S9 

25,104 

3?.?63 

21.601 

42  9fc9 

24. 1?'1 

22.729 

34.640 

32,763 

74  ?;-6 

32 . 523 

24  477 

71  fill 

W  i  .  .  \J 

25.633 

30.737 

23.316 

30.496 

23  779 

31.390 

24,497 

32.013 

24,067 

31,802 

74.067 

31.012 

23.789 

30.703 

23,635 

29,704 

23,382 

28,841 

23,470 

28 « 336 

23,671 

29.633 

24,173 

28,841 

24,246 

•28,564 

24,103 

28.466 

23,795 

28.148 

23.346 

28,114 

23,201 

27,732 

72.838 

27,037 

2c. 278 

26.618 

22,117 

26,33V 

22,473 

26,337 

Hi  41 

PI51 

IV. 693 

41  863 

44.631 

42.197 

41.885 

13.211 

49,664 

44.777 

’9.501 

15.690 

.i/,667 

45.326 

3'M54 

13  724 

3/.291 

12.849 

3'/.2".'7 

Vi  9'.4 

i  >.79  5 

10  260 

3  .  2V2 

Jfc ,  [<  ’.7 

37.294 

38.11? 

39,344 

57,  "Mj 

38.781 

36 , 375 

38  1''4 

24,  Mi 

38.606 

32. 897 

39.294 

2.4.282 

39.3')? 

34.190 

■>L*  r*'»7 
*/C' .  ii  J 

32.987 

37,463 

32,304 

3/  497 

2, '.661 

.17.600 

32.722 

.7.017 

2!',  401 

37.085 

32  36? 

,7.01.1 

22,369 

ill.  *22 

21.71" 

34,781 

20,316 

54,210 

29.620 

3s.  613 
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3.849 

6.913 

7.164 

6.991 

6.333 

6.463 

6.728 

6.332 

6.771 

7.295 

7.469 

6.946 
6.463 
6.532 
7.426 
7.513 
7.339 
7.469 
7.773 
7.469 
7.177 
7.339 

7.946 
8.162 
8.378 
8.894 


PI2I 

1.342 

1.438 
1.878 
2.532 

3.438 
4.714 
4.999 
4.831 

4.915 
6.347 
6.894 
7.162 

7.439 
7.481 
7.523 
7.162 
7.146 
8.167 

8.339 

7.983 
7.732 
7.732 
8.485 

8.984 
9.411 
11.163 
9.981 

9.441 
B.84S 

9.441 
11.114 
11.399 
11.815 
11.312 
11.421 

11.237 

if.Kf 

11.339 

11.421 

11.543 

11.932 

12.441 

12.441 

11.788 

11.992 

11.992 


913) 

2.114 

2.481 

2,914 

4.138 

3.161 

3.787 

6.293 

6,178 

6.413 

7.133 

7.892 
8.818 
8.331 
8.899 

9.892 
9.J23 
18.813 
11.393 
12.116 
11.698 
11.698 
12.878 
12.987 
13.629 
13.817 
14.188 
14.842 
13.742 
13.176 
13.533 
14.385 
14.642 

14.866 
14.979 
14.685 
14.813 
13.448 
13,478 
13.938 

14,238 
14,492 
15,891 
15.649 
15.463 
14.829 
14.734 
14.455 


9,915 

18.618 

18.9*6 

lift 

12.971 

14.289 

14.364 

14,835 

14.855 

14.738 

15.328 

15.866 
15.985 

16.441 
16.288 

15.328 

14.866 
15.828 
15.751 
16.897 
16.556 
16.938 

8:Sf 

m 

15.597 

15.751 

11:81 

11:111 

13.B66 

13.367 

15.251 


7.391 

7.716 

7.968 

8.177 

8.479 

9.837 

9.334 

18.239 

18.963 

11.231 

11.168 

11.433 
11.902 
12.465 
13.863 
13.261 
13.318 
13.063 
12.785 
12.983 
13.438 
13.967 
14.472 
14.627 

14.434 
13.693 

m 

MR 

13.772 

14.743 

15.158 


6.186 

6.559 

7.146 

m 

m 

7.^97 

h 

8.846 

8.448 

8.984 

9.616 

9.915 

18.224 

18.274 

9.871 

9.339 

9.384 

9.658 

18.444 

11.328 

11.712 

12.816 

11.669 

II:5m 

!!:$ 

12.491 

12.922 


14.781 

14.388 

14.434 


P 

12.483 


VI  ts- 
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